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Cells sense and interact with their microenvironment to retrieve signals which include
cell-matrix and cell-cell contacts. These signals account for the influence of culturing
conditions and often control the local cellular phenotype and global functions of tissues.
Here, I sought to understand if there is any information processed by cells in guiding
cellular phenotype given the control of cell shapes and substrate rigidities. If there is,
would these phenotypic changes achieve biomedical purposes? What is the strategy to
engineer platforms that can handle the longstanding challenges in those fields? In this
dissertation, the first chapter serves as an introduction which involves the origin of mo-
tivations, which mainly came from current challenges in biomedical researches of kidney
podocytes. I have attempted to understand if it is possible to control podocyte differen-
tiation through cell shape control which mimics their in vivo morphology. On the other
hand, I have tried to reveal if it is possible that tissue stiffness can affect podocyte pheno-
type as a result of stiffness sensing. These two topics were rarely investigated for kidney
podocytes, which is the critical component of human filtration barrier to perform renal
functions. The effort that addresses the question how shape and substrate rigidity as in-
formation repositories affect kidney podocytes phenotype has profound meaning in the
understanding of renal physiological system and pathological mechanisms.
The second chapter will focus on the methods to achieve successful long-term shape
control on cells. Engineered cell-device interface using cross-linking biomaterial SU-8
plays a key role in this study. Compared with other previously used approaches summa-
rized in this chapter, SU-8 provides various advantages both in the fabrication of micro-
pattern architecture as well as its sustaining effectiveness in controlling cell shape. This
approach has been proved very efficient and economic to facilitate single cell level manip-
ulation. The chapter will describe in details the interface micro-fabrication and encoun-
tered technical challenges. The results that kidney podocytes were in good compliance
with the micro-pattern proved the successful application of this technique.
The third chapter will then transfer from micro-fabrication to biological experiments,
which discusses in details how in intro kidney podocytes responded to their shapes by
enforcing protein localization which characterizes a phenotype found in vivo. This phe-
notype among in vitro podocytes was further verified that it may contribute to podocytes
differentiation and physiological functions. The information processed by shape was
proved independent of tension-related processes and thus shape and tension could be
regarded as separate contributors in cellular development. The interpretation of shape’s
contribution could be referred to my previous publication in the journal of Cell: ”Decod-
ing Information in Cell Shape”. In this study, the motifs of research were applied to other
cell lines (Human vascular smooth muscle cell) as a step to generalize the ubiquity of
shape’s contribution to cell differentiation. The study here was to differentiate shape and
tension through investigating the difference between two major mechanosensors: β3 and
β1 integrin receptors. The difference in cell phenotypes through integrin inhibition ex-
periments demonstrated critical but unique role of integrin-based shape sensing in vitro.
This chapter in dissertation covers most of the content in a previously submitted paper to
Nature Cell Biology.
In the fourth chapter, I further carried out a study that investigated if stiffness sensing
can influence kidney podocyte phenotype. The fourth chapter will basically review the
techniques in the fabrication of hydrogel-based cell culture platforms. In a similar manner
to previous study using biomimetic shape for podocytes and find its phenotype, the target
of this analysis was to use hydrogel-based biomimetic substrate with renal physiological
stiffness and find if there is a differentiation phenotype. Since numerous materials have
been reported in hydrogel studies, I will focus on the introduction to representative ones
that have beenmost widely used. Their characteristics will be comparedwith the demands
of kidney podocyte reasearch. Methodologies were the key to a successful research, and
in this chapter I will describe in details what choices I made in choosing experimental
methods that improved the efficiency and quality of cell culture platforms. A natural
enzyme (microbial transglutaminase) cross-linked gelatin hydrogel was adopted here to
provide ideal substrate rigidity control for podocytes. This method has demonstrated high
efficiency and stability in making large cell culture surface. Moreover, it provides the
hydrogel platform with an ideal range of elastic moduli suitable for renal tissue culture.
The results will be discussed in detail in the fifth chapter. I successfully found a dif-
ferentiation phenotype for podocytes cultured on the hydrogel platforms with a physi-
ological stiffness. Similar phenotype, on the contrary, were not found in podocytes on
platforms which were either too soft or too stiff. These resutls have formed one of my
submitted paper to Scientific Report. The differentiation phenotype for kidney podocytes
was characterized by up-regulation of differentiation markers. These findings were in a
similar manner to a series of stem cells differentiation guided by regulated substrate stiff-
nesses. This phenotype of kidney podocytes was verified by microarray technique which
confirmed the stiffness sensing using transcription factors. The enrichment analysis of
kinases also showed significant response of Src, Fyn etc, of which the activities have been
shown critical for podocytes to preserve their physiological functions. These results have
successfully suggested the close relations between stiffness changes of glomeruli base-
ment membrane (GBM) and progressive podocyte dysfunction.
In summary, this dissertation covers interdisciplinary researches that decoded the in-
formation processed by cells from two separate aspects: shape and stiffness sensing. The
details in each chapter cover a broader scope than the content selected for publications.
Through this dissertation, readers will get in touch with the technique developed for plat-
form and their applications to biomedical researches. I wish this will help people new in
the field to get my hands-on experience.
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1.1 Introduction to Kidney Podocytes
Kidney podocytes are terminally differentiated renal epithelial cells in kidney nephrons
and are key components to constitute organ’s filtration function (Figure 1.1[1]). “Podo-”
is latin, which means “feet” because in vivo podocytes demonstrate a complex branched
structure with fine peripheral projections known as “foot processes” (Figure 1.2). These
processes are long and slim that wrap around glomerular capillaries. Between podocytes
and capillary endothelial cells, these is a layer of specialized layer of matrix called
“Glomerular basement membrane” (GBM). Foot processes have two levels. The trunk-
like processes radiate from cell body are called primary processes, whereas many further
branched processes are called secondary processes. These finger-like processes interdig-
itate with each other above GBM and leave very small slits between them which is filled
up by a protein network known as slit diaphragm, a specialized cellular junction in which
specific proteins create a porous filtration barrier (Figure 1.3 [2–5]). The water, salts and
sugars in blood are filtered through the slit diaphragm to form urine but large molecules,
such as proteins, are retained. The integrity of podocytes is key to maintaining blood
content. Podocytes that fail to maintain the branched morphology become fused and flat-
tened, leading to destruction of slit diaphragm and filtration barrier. Injury of podocytes,
mutation of GBM components, or alterations of cell-GBM interaction can all lead to the
disappearance of foot processes. Followed by podocyte dysfunction, proteinuria and other
filtration-related kidney diseases are often progressive andwill eventually result in kidney
1
failure.
Figure 1.1: The positions of kidney podocytes can be referred to by an anatomy of a renal
glomerulus. A glomerulus is a tuft of capillaries located within a nephron in the kidney
which conjugatedwith glomerular capsule. It serves as a functional unit for filtering blood
carried out by nephron in its formation of urine.
As a member of the filtration barrier in a glomerulus, podocytes are exposed to vari-
ous signals due to their unique physiological positions. These signals include the chemical
signals from the urinary space (Bowman’s capsule), and they receive chemical and me-
chanical signals to/from glomerular basement membrane as well as vascular space with
which it communicates. Very often, the signals from podocytes surrounding environment
regulate podocytes physiological activities and the integrity of slit diaphragm architec-
ture. Mature podocytes consist of three morphologically distinct segments: a cell body,
primary foot processes and secondary foot processes. Mature podocytes establish their
characteristic complex cell architecture after they lose their mitotic activity from epithe-
lial precursors in the later stage of glomerular development (capillary loop stage)[6].
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Figure 1.2: In vivo kidney podocytes were imaged by SEM that represent their complex
in vivo cellular morphology. The “feet” of podocytes interdigitate with each other form
a complex foot process network which features this highly specialized cell line inside
glomerular capsule of kidneys. (Credit: Evren.U.Azeloglu)
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Figure 1.3: Transmission electron microscopy (TEM) of the cross-section of glomerular
filtration barrier in situ. The glomerular filter barrier is comprised by three components:
capillary endothelium (bottom), glomerular basement membrane (middle), and pillar-like
podocyte foot processes (top). The slit diaphragm is interposed between foot processes.
Many proteins equipped for slit diaphragm are specific for podocytes, such as Nephrin,
Podocin.
1.2 Introduction to Slit Diaphragm and Podocyte
Specific Markers
Slit diaphragm is a multiprotein network that connects neighboring foot processes within
the interposed slit which spans 30-50 nm wide (Figure 1.3). The slit diaphragm is similar
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to protein junctions between other cells. Monomer proteins such as nephrin polymerize
to form conjugated network and form pores between polymerization (Figure 1.4[7]). In
rats, the radius of small pores is in the range of 4.5 to 5.0 nm and that of large pores (few
in number) is between 8.0 and 10 nm. Proteins such as albumin with a molecular radius
larger than small pores should be filtered almost exclusively through large pores. By
this mean, the fractional clearance (i.e. ratio of albumin concentration in ultra-filtrate to
plasma) is used as a major indicator of proteinuria (In rat, normal condition is <0.004)[8].
For human kidneys, the substructure is very similar to that of in murine kidneys. The
dimensions of the contained pores are just slightly different (5 x 12 nm)[9].
Figure 1.4: (A)The cross-section of a human glomerular capillary demonstrated the struc-
ture of filtration barrier with foot process (FP) on top, the glomerular basement membrane
(GBM) in the middle, and endothelial cell (E) beneath GBM. The scale bar is 250 nm. (B)
shows slit diaphragms (arrows) at a higher magnification. The scale bar represents 150
nm. (Modified from [10])(C) shows three-dimensional electron tomogram of the mouse
slit diaphragm (SD). Podocyte surface membranes (M), central density (CD), lateral pores
(P) are denoted. For comparison, a crystal structure of a serum albumin molecule (yellow)
has been superimposed. The scale bar represents 10 nm. (Modified from [4]
)
Most slit diaphragm proteins are essential to the integrity of slit diaphragm and
glomerular filtration functions. The mutation or inactivation of the corresponding genes
causes proteinuria. Nephrin was the first slit diaphragm protein identified. The gene
that regulates the expression of nephrin is NPHS1. In kidneys, only podocytes express
nephrin. The absence of nephrin by inactivation of the gene causes massive proteinuria,
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absence of slit diaphragm and neonatal death. Nephrin has a short intracellular domain,
a transmembrane domain, and an extracellular domain with eight distal IgG-like motifs.
Nephrin molecules from adjacent foot processes interact in the middle of slit to form
a filtering structure (Figure 1.5[11]). The cytoplasmic tail of nephrin is phosphorylated
by tyrosine kinase Src to initiate signaling. Fyn as a member in the Src family can also
phosphorylate nephrin, and the lack of Fyn kinase is associated with proteinuria and foot
process effacement.
Figure 1.5: Illustrative mode of interdigitating association of nephrin molecules between
two foot processes. The nephrin molecules from opposite foot processes are painted in
different colors.
Neph1 ( gene: Kirrel 1) and neph2 ( gene: Kirrel 3) are similar to nephrin structurally.
But neph1 and neph2 are not only located in the slit diaphragm, but can be found in many
other tissues. Nephrin interacts with neph1 and neph2 by forming heterodimers through
their extracellular domains.
Podocin is another protein regulated by gene NPHS2 and expressed in podocytes.
Podocin is located solely in the slit diaphragm region and interacts with the intracellular
domains of nephrin and neph1 and with CD2-associated protein (CD2AP). Podocin has a
hairpin-shaped structure as a membrane protein with both ends in the intracellular space.
CD2AP ( gene: CD2AP) as an adaptor molecule is involved in podocyte homeosta-
sis. CD2AP-deficient mice develop renal failure caused by glomerulosclerosis. CD2AP
interacts with the intracellular domains of nephrin and podocin. Being a mediator for se-
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lective activation of survival pathways and repression of apoptosis signaling by TGF-beta
in podocytes, the absence of CD2AP accelerates TGF-beta induced apoptosis.
Besides the proteins that form slit diaphragm, podocytes also express several pro-
tein markers that mark the process of renal development. WT-1 (gene: WT-1) and
synaptopodin (gene: SYNPO) are two major proteins involved in renal development
procedures[6]. WT-1 acts as a transcription factor, transcriptional co-factor or post-
transcriptional regulator and is expressed in the podocytes throughout life. Being critical
during embryogenesis, WT-1 expression can be detected in all cells in early renal develop-
ment. But it will only remain in podocytes when the differentiation goes further towards
maturity. In mature rats, the down-regulation of WT-1 was found associated with se-
vere down-regulations of nephrin which are key to the integrity of slit diaphragm. The
suppression of WT-1 in embryos also showed nephrogenic rests and low rate of kidney
development[12].
Synaptopodin is an actin associated protein that regulates the modeling of cytoskele-
ton. At a cellular level, a stationary podocyte phenotype such as intact foot processes, is
due to predominance of RhoA activity. Synaptopodin serves as an important regulator of
Rho GTPase in podocytes[13]. This result in the preservation of stress fibers is critical to
maintain the complex cytoskeleton with projection of foot processes.
1.3 Glomerular Basement Membrane
The glomerular basement membrane is a layer of extracellular matrix particularly found
in kidney glomeruli. The matrix is one of the three layers of filtration barrier and also
provides mechanical support to kidney podocytes to reside on. The layer of matrix has
a thickness of 300 to 350 nm, and this layer wraps capillary endothelial cells [14]. The
main components are collagen, fibronectin, laminin, nidogen and heparan sulfate proteo-
glycans etc [14, 15]. In early renal development, triple-helical type IV collagen molecules
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containα1 andα2 chains in 2:1 ratio to form 112 network. In adult kidneys, these collagen
IV molecules are replaced with α3, α4 and α5 chains in 1:1:1 ratio to form 345 network.
Mutations in collagen IV result in Alport’s syndrome in which collagen IV molecules
of 112 network are left without molecule replacement into 345 network. The immature
structure of collagen IV in glomerular basement membrane will lead to proteinuria.
Laminins, the heterotrimeric proteins (contain an α-chain, a β-chain, and a γ-chain)
that are important for cellular adhesion and differentiation, assemble themselves into the
network of glomerular basement membrane. Laminin molecules are named after their
chain compositions. Therefore, laminin 511 contains an α5-chain, a β1-chain, and a γ1-
chain. Laminin 511 and 521 are equivalent in mature GBM. The deletion of genes that
leads to the removal of laminin subunit α5, β2 causes the effacement of foot processes
and chronic renal failure[16].
Fibronectin is present in the glomerular basement membrane. It was also found on
the endothelial and epithelial surfaces. Study has shown that fibronectin is a major com-
ponent of kidney glomerular basement membrane as well as mesangium. Its function is
to serve as adhesion proteins for podocytes. In diabetic kidneys, there is an increase in
fibronectin which thickens the GBM [17].
1.4 Characteristics of Kidney Podocyte
Dedifferentiation
Kidney podocytes are unique cells with special morphology and their inability to prolifer-
ate in situ. With the onset of kidney disease, injured podocytes fail to maintain a branched
morphology. These foot processes become fused and flattened, and this is named “foot
process effacement”, which leads to the breach of the filtration barrier, resulting in ele-
vated levels of protein in the urine (proteinuria). Podocytes are very sensitive to environ-
ment and will immediately start to dedifferentiate upon being isolated from glomeruli.
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Once detached from glomeruli capillaries and grow out from glomeruli, these podocytes
lose their morphological specialization[18, 19]. When the foot processes disappear, these
cells display a shape similar to normal epithelial cells (Figure 1.6)[20].
Figure 1.6: The illustration by live images showing the dedifferentiation of podocytes in
vitro after they grow out from isolated glomeruli freshly collected. The tips on the contour
of podocytes from frame 0 min to frame 9 min show the track of retreat of foot processes.
In 5 hours of in vitro culturing, podocytes spread in a similar manner to endothelial cells.
Besides the loss ofmorphological features, the protein expressions specific to podocyte
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differentiation were severely down-regulated either upon podocyte injury or in vitro cul-
ture[18]. The down-regulated markers were characterized by lower quantities of protein
and mRNA expressions. Quantitative reverse transcriptase-polymerase chain reaction
(qRT-PCR) analysis was performed to examine the transcriptional levels of podocyte-
specific markers. The mRNA levels were compared among primarily cultured podocytes
(fresh podocytes that grow out from decapsulated glomeruli), 1st subcultured podocytes
(podocytes collected from primary batch and expanded in new growth medium), and
cobblestone-like polygonal cells (isolated cells from encapsulated glomeruli) as shown
in Figure 1.7[21]. In addition, in the 2nd and 3rd subcultures, podocytes dramatically de-
creased the transcriptional levels of nephrin, podocin, podocalyxin. The illustration in
Figure 1.7 shows the features that characterize podocytes in vitro.
Figure 1.7: Quantitative RT-PCR analysis was performed using mRNA from primary cul-
tured podocytes at day 4, which were the whole-cellular outgrowths from collagenase-
digested glomeruli (1), from subcultured podocytes, which were cultured one more day
after trypsin digestion at day 3 of primary culture of collagenase-digested glomeruli (2),
or from subcultured polygonal cells, which were cultured one more day after trypsin di-
gestion at day 5 of primary culture of glomeruli (3).
In vivo podocytes process information from multiple aspects, which are possibly the
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key to maintaining a differentiation phenotype. Podocytes in situ process biochemical
information by communicating with adjacent cells (podocytes, endothelial cells, tubular
cells etc). Receptors on podocytes, such as integrins, bind componentswithinGBM,which
also provides signals to maintain podocyte differentiation. Podocytes also may perceive
morphological information. In vivo morphological analysis showed that interdigitation
of foot processes between adjacent podocytes are likely to provide spatial constraints
that are functionally critical[22]. Moreover, mechanical information may also be critical
to podocyte dedifferentiation. Podocytes are subjected to the shear stress from uninary
filtrate which constantly passes through slit diaphragm. In addition, the tissue stiffness
and vascular tension from GBM may also play an essential role.
1.5 Methodology of Research: Shape Control and
Substrate Stiffness Control
In a recent study that I participated, I have shown that cell shape can be translated into
pure geometrical information which balances the diffusion and reaction in cells[23]. In
this dissertation, I will describe in details the project which attempted to reveal the relation
between cell shape and differentiation process. I chose kidney podocytes, as its exquisitely
complex shape may be essential for a critical physiological function, glomerular filtration
of plasma. And I hypothesized that podocytes’ arborizedmorphologymay provide unique
signals that maintain in vivo podocyte in a differentiated phenotype.
On the other hand, tissue stiffness may also be one of the most important cues guiding
cell growth. Studies have shown that adult stem cells are capable of differentiating into
various anchorage-dependent cell types such as neurons, myoblasts, and osteoblasts[24–
30]. In vitro culturing of naive mesenchymal stem cells (MSCs) also shows stiffness-
dependent lineage specification and commitment [31]. For differentiated cells, extracel-
lular matrix stiffness has been identified as a cell growth controller[32], which is also
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coupled with cellular responsiveness to soluble factors[33]. In this respect, tissue ma-
trix stiffness is a key component of the podocyte microenvironment, and maintenance of
tissue stiffness may be significant for podocytes physiological functions.
In this dissertation, I will introduce and discuss in details how kidney podocyte studies
could use engineered platforms to achieve successful shape control and stiffness control.
The techniques I developed that use cross-linking biomaterials have various advantages
over others. These methods will also allow other biomedical researches to perform exper-
iments of similar demands.
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Chapter 2
3-D Cell Shape Control Achieved by Photolithography
Microfabrication
A central question in systems biology is how physiological function emerges from multi-
scale organization of cells within tissues and organs. For tissue organization to be mean-
ingful to an individual cell, it needs to sense its neighboring environment and interact with
it in a continuous fashion. Understanding the sources and flow of informationwithin such
systems is critical for defining the general rules that govern tissue formation and main-
tenance. Biochemical signals through diffusible autocrine and paracrine factors are one
source of information. Signals from cell adhesion molecules from cell-cell interactions
and cell-matrix protein interactions are another source. An intriguing possibility is that
the shape of the cell within the tissue itself is a source of information that “tells” the
cell that it is in the right environment and should develop and maintain its differentiated
phenotype. Such shape information would allow each cell to respond in a functionally
appropriate manner to self-organization during tissue development.
2.1 Review: Previous Findings in Cell Shape Control
There are various of experiments that have proved the impact of cell shape. Firstly, the
trend of cell apoptosis can be controlled by cell shape in terms of its spread area. This
is represented by a previous reported experiment on human endothelial cells (Figure 2.1
[34]). By using microbeads and imprinted micropatterns, the cell spread areas varied and
simultaneously their apoptosis wasmeasured. Cellular nuclei were found to condense and
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behave like normal ones when large spread areas are available to cells, whereas fragments
were often found in cells with small spread areas.
Figure 2.1: (A) Combined images of capillary endothelial cells cultured with the absence
or presence of different-sized microbeads (coated with fibronectin) attached to a culture
dish for 24 hours. Only in highly spread cell on the 25-µm bead, DAPI stained nucleus is
clearly visible. (B) Apoptosis in cells attached to different-sized beads, in suspension, or at-
tached to a dish. The apoptotic indexwas quantitated bymeasuring the percentage of cells
exhibiting positive TUNEL staining (black bars) which detects DNA fragmentation; sim-
ilar results were obtained by analyzing changes in nuclear fragmentation in cells stained
with DAPI at 24 hours (gray bars). (C) Images of cells plated on substrates micropatterned
with 10 or 20 µm-diameter circles coated with fibronectin (left), by a micro-contact print-
ing method or on a similarly coated unpatterned substrate (right). (D) Apoptotic index
of cells attached to different-sized islands; similar results were obtained with human and
bovine capillary endothelial cells.
Secondly, cell shape is able to influence the inclinations in cellular differentiation
when cells are pluripotent. In a previous study, human mesenchymal stem cells (MSCs)
were cultured on micro-contact printed patterns to control habitable areas. The MSCs
were influenced by shape alone with both adipogenesis and osteogenesis promoting cues
present at a 1:1 ratio. The measurements of lineage markers showed that cells lineage
commitment are different due to the complexity of shapes. Geometries of patterns with
high aspect ratios or with sharp tips prone to promote osteogenesis, whereas moderate
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geometries promote adipogenesis (Figure 2.2 [35]).
Figure 2.2: (A) Percentage of cells captured on rectangles of varying aspect ratios that have
differentiated to adipocyte or osteoblast lineage. (B) Percentage of cells differentiating to
either lineage when captured on fivefold symmetric shapes of different eccentricities.
Thirdly, shape was shown critical to differentiated cells to maintain physiological
functions. Shown in previous report, cardiomyocytes were cultured on coverslips with
micropatterned fibronectin islands prepared in advance. The fibronectin patterns were
controlled in rectangular with various aspect ratios. The cardiomyocytes were measured
by systolic stress to measure its contractile function. It was reported that cardiomyocyte
contractility was optimized at the cell length/width ratio of around 7:1, which is the same
as in vivo cardiomyocytes observed in normal hearts. Moreover, the contractility de-
creases in in vitro cardiomyocytes when morphological characteristics resembling those
isolated from failing hearts, from where the cell aspect ratios is smaller or larger than
7:1(Figure 2.3[36]).
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Figure 2.3: A-E: Images of cardiomyocytes of aspect ratio 1:1 (A), 3:1 (B), 5:1 (C), 7:1 (D),
and 11:1 (E) at the fully relaxed state. F-J: Images of the cardiomyocytes of aspect ratio 1:1
(F), 3:1 (G), 5:1 (H), 7:1 (I), and 11:1 (J) at peak contraction. K-O: Spatial maps of traction
force at peak systole for the cardiomyocytes of aspect ratio 1:1 (K), 3:1 (L), 5:1 (M), 7:1 (N),
and 11:1 (O). Scale bars: 10 µm (A-O). P: A differential interference contrast image of an
aspect ratio of 2:1 cardiomyocyte at the fully relaxed state, with the traction force vectors
calculated at peak contraction superimposed. Red crosses and blue circles, traction vec-
tors with the x and y components at Tx90max and Ty90max or greater, respectively, where
Tx90max and Ty90max represent the 90th percentiles of traction at peak contraction pro-
jected along the x and y axes, respectively. Q:Tx90max as a function of cell aspect ratios.
R:The ratio of inherent longitudinal/transverse contractility as a function of aspect ratios.
S: The averaged power generation at contraction as a function of aspect ratios. Q-S: Solid
lines, penalized regression spline; Dotted lines have 95% confident intervals.
2.2 Review: Existing Techniques for Cell Shape
Control
To control cell shape, people have invented several engineering techniques before the I de-
veloped the photolithography technique in this dissertation. Although these techniques
have facilitated a series of studies including previously listed ones, their incapability of
giving cells 3-D constraints in a long-lasting manner can hardly meet the demand of re-
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searches related to kidney podocytes. However, the photolithography technique based
on biomaterial SU-8 has finally attracted my attention. Before going into details of my
development of SU-8 technique, it is worthwhile discussing the characteristics of existing
techniques.
2.2.1 ECM-coated Microbeads
A micro-bead is a supportive matrix coated with extracellular matrix protein (ECM) for
anchorage-dependent cells to attach and grow in culture. They are typically sphereswith a
diameter at micrometer scale (0.5-500µm). Thesemicro-beads can bemade of polystyrene,
polypropylene plastic etc. According to the surface chemistries of microbeads, different
protocols can be used to temporarily or permanently couple the bead surface with cellular
matrix proteins, recombinant proteins, peptides, and DNA/RNA molecules. The advan-
tage of micro-beads is their high surface-to-volume ratios which have good accessibility
for reactant, fast liquid-phase reaction kinetics, and rapid and efficient binding. In biolog-
ical research, small micro-beads may be used to create arrays of attachment on substrate
to help with cell spreading. However, large immobilized beads may change the curvature
of surface in cell contact.
2.2.2 Microcontact Printing
Microcontact printing (or µCP) is often used to imprint proteins to create 2-D extracellu-
lar matrix islands which control cell shape. It uses lithography technique to create SU-8
micropatterns, but the micropatterns were not used to culture cells but used as a topo-
graphic template for the stamp. Fabricated master polydimethylsiloxane (PDMS) stamps
have reversed patterns. These PDMS stamps target substrates to form patterns of ink
through conformal contact.
After fabrication of the master template, silicone elastomer and curing agent (e.g.10:1)
is mixed to initiate the curing of PDMS. PDMS is cured to become solid polymer and is
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peeled off that replicates the opposite of the master. In conformal contact with the gold
surface, the thiol reacts with the surface (e.g. octadecanethiolate for self-assembledmono-
layers (SAM) [35]). Tri(ethylene glycol) (TEG)-terminated monolyer could be achieved by
immersing slides within alkanethiol to repel protein absorption and cell adhesion. By im-
mersing this patterned substrate into the protein solution, ECM proteins can be absorbed
onto these patterned islands.
There are several advantages of micro-contact printing. After creating patterns with
micro architecture, the use of cleanroom is no longer needed. From a single fabrication of
master, a couple of stamps could be created which can duplicate patterns fast in straight-
forward procedures. However, the limits are also obvious. The resolution of patterning is
limited by the deformation of stamps in their removal from template. For features with
high aspect ratios on the PDMS stamp, the lateral collapse can occur. The proteins printed
using this method can make cells remain constrained to the 2-D patterns for one week.
Cells were not constrained at the third dimension.
2.2.3 Printing PEG for Microwells
This is a 3-D micro-fabrication technique that allows 3-D constraints for cells within cus-
tomized patterns. The microstructures were made using photopolymerizable and bio-
compatible poly(ethylene glycol) dimethacrylates (PEGDM) (e.g. 99.5 wt.%) plus a water
soluble photoinitiator (e.g. 2-hydroxy-2-methyl propiophenone at 0.5 wt.%). The solution
mix was dropped evenly onto the substrate. To generate features, the PDMS stamp (Chap-
ter: 2.2.2 ) with micropatterns was used as a mold which then imprint directly onto the
substrate. The PDMS stamp is kept in contact with the substrate and exposed to UV (365
nm, 300 mWcm2, 30s) to cross-link PEGDM. The major advantage is that its capable of
making 3-D architecture from non-adhesive PEG. If the adhesive substrates are exposed
to cell anchorage without being blocked by PEGDM, cells will be able to survive. How-
ever, the limitation remains that the elastomeric properties of PDMS stamp, if conforming
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the height of PEG film, will possibly result in deformation. The resolution of fine features
remains unsatisfactory[37].
2.3 SU-8 Photolithography Micro-fabrication
Procedures and Technical Details in Making 3-D
Micropatterns
Microfabrication techniques were used to fabricate 3-D micropatterns. The purpose of
fabrication is to develop an interface on a devicewith 3-Dmicropatterns to guide podocyte
3-D shape in the long term. Due to the demand of this research, the micropatterns should
have high resolutions that can mimic the fine features of kidney podocytes. SU-8 on glass
offers a good option due to its high resolution in fine features and good biocompatibility
and robust mechanical strength. The fabrication of SU-8 micropatterns on the glass cov-
erslips skips over PDMS stamping, and thus making the fine features more controllable.
In addition, the SU-8 micropatterns constrain cells without using thiol to create protein
islands, let along coating slides with gold.
The features of 3-D architecture are made and controlled by photolithography tech-
niques. All 3-D micropatterns were imprinted onto CorningTM Life Science coverslips
by UV (Ultra-Violet) lithography over large areas (cm2). The lithography technique used
chromium masks as UV blocker to confine the patterns. In order to make the material
biocompatible with cell culture, negative epoxy-based SU-8 photoresist (MicroChem) was
used to create the pattern architecture.
2.3.1 Micropattern CAD Design
The workflow is illustrated in Figure 2.4. The patterns of chromium layer were designed
in platform L-Edit (Mentor Graphics). Designed patterns were to create SU-8 architecture
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Figure 2.4: Major steps of the photolithography-based fabrication scheme used to generate
the micropatterns for long-term cell culture on glass coverslips. (1) Coverslips were spin-
coated with SU-8 photoresist. (2) SU-8 photoresist covered coverslips were exposed to UV
radiation through a chromemaskwith the appropriate patterns. (3) Develop the coverslips
and hard baking (4) the patterned surfaces were coated with pluronic F-127, which is
preferentially adsorbed by the hydrophobic photoresist.
that can induce a highly connected arborized geometry for podocytes; this geometric con-
figuration is referred to as “Channels”. In order to control the effects of cellular response
to micro-fabricated patterns, identical patterns were created without the interconnected
channels, which are called “Boxes”. All patterns, along with “Unpatterned” segments (i.e.
open areas where cells can freely spread) were fabricated on the same coverslip (Figure
2.5) to reduce variability and measurement errors.
All designs are binary which only define areas that are either covered by SU-8 archi-
tecture or left blank. Each single unit of “Channel” pattern (Figure 2.5 (Right)) is composed
of a blank square area (50µm×50µm) interconnecting neighboring units’ squares by 12
channels through four directions. In each direction, there are 3 uniformly distributed
channels (3µm in width, 30µm in length) with 10µm gaps in between. The blue area is
the area covered by SU-8 which is not supposed for cells to reside. This “Channel” pattern
is repeated (Figure 2.5(Left)) to form a homogenous array (7×7), with the total covering
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Figure 2.5: Chip architecture. (Left) Fully patterned glass slide, each slide is divided into
16 sub-arrays as shown below; each array contains 81 culturing habitats. Zoom into a
3 x 3 culturing habitat showing the unpatterned, boxes, and channels patterns. (Right)
Geometrical characteristics of a single channel pattern.
area being 530µm×530µm. The “Boxes” pattern (Figure 2.5(Left)) uses the same square
area (50µm×50µm) as “Channel” pattern, but no channels were defined to connect neigh-
boring units so cells were not to form interdigitating contacts. The “Boxes” pattern units
form a homogenous array (7×7), covering an area of 530µm×530µm. The “Unpatterned”
area (Figure 2.5 (Left)) is also of 530µm×530µm. The arrays of these three patterns were
arranged to repeat so that SU-8 architecture can be large enough to cover the whole cov-
erslip and culture a large amount of cells. The illustrated Figure 2.5 is the area zoned out
from a small section from a patterned coverslip (20mm×20mm).
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2.3.2 Chromium Mask Fabrication
After designing the micro-patterns, CAD graphics were transferred to a laser writing pro-
cedure to fabricate photolithography masks. A pristine mask is an uncolored and trans-
parent glass plate coated with a layer of chromium, on top of which is covered by pos-
itive photoresist AZ1518. The designs made by L-Edit were taken into Heidelberg µPG
101 Laser Writer (1 micron, The Cornell NanoScale Science & Technology Facility (CNF))
for further process. After writing, masks were immersed in AZ 300MIF developer (Clari-
ant Corporation) for 60-120 seconds with gentle rocking to remove the photoresist which
was exposed to laser beam. Gently rinsing with deionized water took away the developer
and dissolved photoresist. Then the masks were immersed in chromium etchant (CR-1A,
Transene Company, Inc.) for 60 seconds to remove the exposed chromium. After cleaning
the remaining photoresist, patterns are demonstrated clearly as illustrated in Figure 2.6.
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(a) 3µm wide channels (b) 4µm wide channels
(c) 5µm wide channels (d) Boxes
(e) A group of design with “Channels”, “Boxes” and “Unpatterned” segments
Figure 2.6: Etched chromium layer and layout designs on developed masks under bright
field microscope. Transparent glass (bright yellow) allows UV to pass, but chromium
(black) area blocks UV. (a)-(c) Chromium layer was etched and patterns of 3 different
channels appeared. (30µm in length, 3µm, 4µm, 5µm in widths respectively). (d) Boxes
were defined by chromium layer. (e) Overview of a group of designs combined.
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2.3.3 Photolithography Technique Parameter Setup for SU-8
Micropatterns
After completing the design of patterns and the fabrication of masks, the fabrication of mi-
cropattern architecture was able to start. Micropatterns were using SU-8 2005 photoresist
(MicroChem) as the base material and were made onto microscope coverslips (Corning,
Cat: 2725-22) which were suitable for cell culture. Prior to fabrication, glass coverslips
were cleaned by sonication in isopropanol alcohol and deionized water for 15 min each
and then baked in oven at 110 ◦C overnight. Photolithography was operated on Süss Mi-
croTec MA6 Mask Aligner (Süss Microtec AG, Germany) using the standard hard-contact
mode. UV source was from a standard mercury lamp with a power output of 8 mW/cm2.
For 5µm thick SU-8 layer, a total energy of 50-70 mJ/cm2 is required to ensure proper
cross-linking of SU-8. The exposure time should be adjusted based on the resolution of
features to ensure the input energy is just enough to initiate proper cross-linking, and
meanwhile not to cause over-exposure (Figure 2.7). If a 360 nm long-pass filter (Omega
Optical, SKU: 2007308) was used in order to ensure straight edges and sidewalls, the expo-
sure time should be increased to counterbalance the energy lost in the filtration. Details
will be discussed below.
SU-8 photoresist is an epoxy-based near-UV negative photoresist based on EPON SU-
8 epoxy resin. Fully cross-linked SU-8 has also high elastic modulus, which is taken into
account because robust scaffold is needed to support cellular activity [38]. The resolution
of SU-8 architecture is affected by Fresnel diffraction. The undesired maximum diffraction


















T : Thickness of the photoresist layer.
g: Distance of gap between photomask and resist.
A: Kinetic absorption coefficient of resist.
B: Natural absorption coefficient of the resist.
The photoresist material and thickness are determined by the design, and the resist
absorptance (both kinetic and natural) to the energy source (e.g. UV) has to be minimized
to achieve higher resolution. Near UV SU-8 photoresist is patterned by i-line (λ= 365
nm) conventional irradiation. Although SU-8 is almost transparent to near UV (365-400
nm), its absorptance increases markedly when the input wavelength gets lower than 365
nm[41]. In conventional lithography process, an Hg lamp irradiates with a spectrum
including middle and deep UV other than near UV. High-energy irradiation, with high
absorption coefficients, will impair the lithographic resolution of the SU-8 architecture.
In this study, a 360 nm long-pass filter was employed to remove the high-energy photons




Figure 2.7: Samples of SU-8 micro-pattern with normal and abnormal UV exposures were
illustrated. (a) Pattern array of 3µm wide channels within proper range of UV exposure
energy and post-baking time showed clear and opened channels. (b) Pattern array of
3µm wide channels with overdosage of UV exposure energy or post-baking time showed
blocked channels. (c) Ellipsoid patterns (Aspect ratio 1:6) with proper UV dosage and
post-baking time have sharp tips. (d) Originally designed boundary shrank and the tips
of ellipsoid patterns (Aspect ratio 1:6) disappeared as UV energy was over dosed or post-
baking time was markedly prolonged.
SU-8 2005 is spin-coated onto pre-cleaned coverslips at acceleration 100 rpm/s, till 500
rpm. Then spinner works at an increased acceleration of 1000 rpm/s, till 3000 rpm. Total
spinning time was kept at 60 seconds. These parameters make SU-8 2005 form a 5µm
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thick thin film. On the hot plate at 95 ◦C, SU-8 coated coversilps was then soft baked
for 2 min. In photolithography, a long pass filter was used to filter incoming UV. Total
photolithography exposure time should be controlled between 110-120 seconds with UV
power density at 8 mW/cm2 in order to compensate the energy loss by filter. After UV
exposure, coverslips were baked at 95 ◦C again. The post-baking time was kept for 2-
3 min. Post-baking time shorter than 2 minutes will cause incomplete cross-linking in
SU-8, whereas more than 3 minutes will possibly increase the diffusion of undeveloped
SU-8 which can contaminate the area where SU-8 is not supposed to exist. This process
that impairs the resolution of edge profile of the resist is called “skirting”. Partially cross-
linked resist nears exposed pattern edges, forming a “skirt” of sparse polymer at as much
as 0.2 µm [42]. To remove this “skirt”, reactive ion etching (RIE) process using a mixture
of Ar and O2 (4:6) was an ideal option.
The developing process requires gentle rocking (0.5 rounds/s) the beaker of SU-8 de-
veloper for 45-60 seconds. The SU-8 layer on the coverslips would be underdeveloped if
the developing time is shorter than 45 seconds, resulting in undifferentiable geometries of
patterns or the loss of fine features (Figure 2.7). On the other hand, if the developing time
is much more than 60 seconds, the developer will start to corrode patterns and dissolve
the SU-8 layer. When the time is up for the development, the coversilps were imme-
diately rinsed with isopropanol alcohol to stop the development. Then these coverslips
were baked at 200 ◦C for 30 minutes to make cross-linking complete.
The fabrication of patterns without “Channel” can utilize the same parameters set up
in this protocol except that the long-pass filter was not necessarily needed. Thus the
total exposure time for each coverslip with 8mW/cm2 UV source power density should
be reduced to 5-7 seconds. SU-8 2002, SU-8 2000.5 photoresists were used to fabricate
SU-8 micropattern architecture with lower height (< 3µm). These photoresists can also be
spin-coated onto coverslips at acceleration 100 rpm/s, till 500 rpm, and thenwith increased
acceleration of 200 rpm/s, till 1000 rpm. Total spinning time was also kept at 60 seconds.
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Figure 2.8: Micropatterned SU-8 architecture of both boxes and channels were found oc-
casionally accompanied with SU-8 “skirting” effect. A thin layer of SU-8 was found on
the boundary of patterns and un-revomable by SU-8 developer.
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Using these parameters, SU-8 2002 and SU-8 2000.5 photoresists can form 3 µm and 0.8µm
thick thin films.
The degree of SU-8 cross-linking is determined by multiple factors in the protocol,
and these factors include solvent amount in SU-8 after soft baking, exposure dosage, post
baking. SU-8 resist layer on coverslip at under-exposured state did not form firm and
adhesive thin film, which was either dissolved into SU-8 developer, or collapsed and de-
attached from the coverslip. Over-exposured state of SU-8 resist layer was indicated by
the fulfilling of extra SU-8 at unpatterned area, where features on micropatterns below
3µm (e.g. inside of 3µm wide channels, corners of ellipsoids at high aspect ratio) were
often found effaced (Figure 2.7). The SU-8 micropatterned channels were seen blocked in
Figure 2.7(b) versus (a), and ellipsoids lost fine features in Figure 2.7(d) versus (c).
2.3.4 Pluronic Enhanced SU-8 Hydrophobicity to Prevent
Cellular Adhesion
Following fabrication, patterned slides were treated with pluronic F-127 (Sigma-Aldrich,
Cat: P2443). Pluronic P-123 is the tradename for a triblock copolymer manufac-
tured by the BASF Corporation. The molecules of pluronic F-127 are around 5800 Da
weight. The triblock copolymer is based on poly(ethylene glycol)-poly(propylene glycol)-
poly(ethylene glycol) (or (PEO)b-(PPO)a-(PEO)b). Similarmaterials are alsomanufactured
by other companies. Pluronic F-127 have behaviors similar to those of hydrocarbon sur-
factants, and will form micelles when placed in a selective solvent such as water. They
are capable of forming both spherical and cylindrical micelles[43]. Poly (propylene oxide)
(or PPO) constitutes the central hydrophobic core of pluronic F-127 and structurally folds
in aqueous solution, whereas Poly (ethylene oxide) (or PEO) is hydrophilic which enables
pluronic F-127 dissolvable in water.
The natural hydrophobicity of SU-8 allows selective adsorption of pluronic F-127 only
onto the SU-8 and not over the glass area. This ensures that cells can spread only over the
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patterned glass area and not onto the SU-8 barriers. Slides were immersed in a 1% (wt/v)
Pluronic solution for 3 hr. Excess Pluronic was washed away using deionized water and
PBS. The substrates were then immersed in culture media for 1 hr and used immediately
thereafter.
(a) (b) (c)
Figure 2.9: Podocytes were cultured over short (5 day), medium (10 day), and long time (15
day) and showed good compliance of actin staining in cell boundary within the arborized
“Channel” pattern. The time-series experiment showed excellent shape control of SU-8
micro-pattern to cells.
2.3.5 Chapter Conclusion
In this work, I introduced the scientific significance of research on cell shape control. From
these previous studies, I introduced the techniques invented before by which cell shape
control could be successfully achieved. However, the shape control for kidney podocytes
demands much higher in the quality of micropatterns. I compared previous strategies
in controlling cell shape on the culturing platform. Photolithography demonstrated its
capacity of constructing 3-D architecture and constraining cells in the long-term, which
are particular advantageous over other methods. In this chapter, I discussed in details the
procedures and parameter setup in photolithography using SU-8 photoresist. Podocytes
require high resolution of geometric features, of which the dimensions should be close
to that of foot processes. The details of process and my interpretation to many problems
encountered in the process could help beginners master this technique. This chapter from
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an engineer’s point of view investigated the applicaiton of photolithography techniques




Cell Shape Control for Kidney Podocytes Induce a
Differentiation Phenotype
Cells sense and interact with their environment using chemical and physical signals in-
cluding cell-matrix and cell-cell contacts. These signals often control the global and local
shapes of cells. But reversely, can the local shape alone provide functionally relevant
information? If I posit that self-organization is an important driver of podocyte mor-
phology and differentiation phenotype in vivo, then I can ask a fundamental question
regarding tissue organization: Does shape drive cells to the differentiation phenotype?
In the case of the podocyte, I do not know if the morphology of interdigitating podocytes
is the end product of tissue development and organization. Or if the spatial constraints
in vivo podocytes have provide dynamic information that podocytes use for biochemical
and physiological specialization. Since podocytes cultured in vitro do not maintain their
morphological specialization nor biochemical markers of the differentiated phenotype,
I hypothesized that information from cell shape could be a driver of biochemical spe-
cialization. Here, I sought to understand the information and processing mechanisms of
cell shape in guiding cellular phenotype in the absence of physical and chemical signals.
Here I used a microfabrication-based system to create simplified physiological shapes to
determine how information in cell shape can be retrieved and processed independent of
intracellular tension in kidney podocytes and vascular smooth muscle cells. Information
from cell environment was known to be transduced through cellular membranal recep-
tors. Here I would focus on the integrin family and try to differentiate the functions of
two major ones: Integrin β3 and Integrin β1.
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3.1 3-D Architecture Modulates Kidney Podocyte
Expressions of Differentiation Markers in the
Absence of Adhesion Molecules
Immortalized human podocytes were plated on glass coverslips, which were coated with
a micropatterned layer of hydrophobic SU-8 photoresist. The patterns were composed of
2,500µm2 square chambers that were interconnected with 3 x 30µm conduits (with 10µm
spacing in betIen each). After patterning, the photoresist layer was coated with pluronic
F127 surfactant, which prevented cells from spreading (i.e. adhering) on the photoresist
(Figure 2.4). The uncovered sections of the glass were left unprocessed, no adhesion-
promoting coating of extracellular proteins or polymers. This microfabrication protocol
alloId us to assess the effect of geometry by itself. The patterns thus act as a mold that
can induce a highly connected arborized geometry for podocytes; this geometric config-
uration is referred as “Channels”. In order to control for the effects of microfabrication,
identical patterns were created without the interconnected channels, which I call “Boxes”.
All patterns, along with “Unpatterned” segments (i.e. open areas where cells can freely
spread) were fabricated on the same coverslip (Figure 2.5) to reduce variability and mea-
surement errors.
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Figure 3.1: Representative immunofluorescence images of human podocytes plated on
glass substrates (Unpatterned), SU-8 photoresist patterned with interconnected channels
that allow formation of shape-induced processes (Channels), and SU-8 patterns that in-
duce similar shape without processes (Boxes). Cells were stained for f-actin (red) and
nuclei (blue). Scale bars=20 µm.
Compared to podocytes on unpatterned surfaces, those cultured on the microfabri-
cated segments (Figure 3.1) assumed markedly different morphologies (Figure 3.2(a)). As-
pect ratio and surface area of cells on channels were similar to those on boxes (see Supple-
mentary Information for details); the major difference was the arborization observed on
channels. After five days of culture at 37◦C, podocytes on channels showed a significant
increase in expression of a wide array of differentiation markers podocin, WT-1, dendrin,
nephrin, MAGI2, p-cadherin, CD2AP, Neph1 and PARD3B (p < 0.05 vs. unpatterned con-
trol); whereas podocytes plated on boxes without interconnected conduits showed little
or no change (Figure 3.2(b)). On average these eleven differentiation markers showed a
fold change of 2.8 ± 0.9 on channels whereas mean fold change for those on boxes were
1.4± 0.3 (p = NS vs. unpatterned control). Process formation stimulated podocyte differ-




Figure 3.2: Morphological characterization of human podocytes and Correspondent
mRNA expression levels (a) Morphological characterization of human podocytes. His-
tograms showing the distribution of cell populations based on the spreading area and
aspect ratio for cells plated on unpatterned glass, patterns of boxes, and patterns of chan-
nels, respectively (n = 60 each, chosen randomly from 6 different slides cultured inde-
pendently). (b) mRNA expression levels for key podocyte differentiation markers under
different shape constraints. RT-PCR revealed an increase in expression of nine out of
eleven markers for cells in channels, with a median increase of 87% (mean fold change
of 2.8 ± 0.9; p < 0.05 vs. control). Cells on boxes were a median change of 7% with an
increase in six and a decrease in five markers (mean fold change of 1.4 ± 0.3; p = NS vs.
control). Heat map represents the average expression levels from four experiments with
two slides in each group.
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3.2 Arborization Leads to Enrichment of Slit
Diaphragm Proteins in Shape-induced Processes
I used quantitative immunofluorescence to gauge the expression levels of slit diaphragm-
associated proteins for podocytes cultured on interconnected branching patterns (Figure
3.4). The shape-induced processes within the channels were significantly enriched for
slit diaphragm proteins nephrin, neph1, podocin as well as actin bundling proteins f-
actin, α-actinin-4 and phopho-myosin (p < 0.01). In contrast, there were no statistical
differences for the non-slit diaphragm-associated proteins intermediate filament vimentin
or the early visceral epithelial marker phospholipase-C (Figure 3.3). The raw intensity
values of representative immunofluorescence images shown in Figure 3.4 and distribution
of additional podocyte associated markers are shown in Figures 3.5a and Figure 3.5b.
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Figure 3.3: Representative immunofluorescence images of human podocytes plated onto
glass (unpatterned), boxes, and channels. Images clearly show the translocation of pro-
cess specialization proteins in branches. Slit diaphragm proteins (nephrin, podocin, neph-
1) and actin bundling proteins (f-actin, phospho-myosin, α-actinin-4) show significant
increase in expression within branches when compared to the cell body, whereas unre-
lated proteins phospholipase-C and vimentin show no significant spatial patterning. Scale
bars=10 µm.
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Figure 3.4: Immunofluorescence-based quantitative analysis of protein levels in podocytes
cultured on different substrates. Most markers show a significant increase in expression
within shape-induced processes (branch) when compared to the cell body. No significant
differences were observed between unpatterned podocytes and cell plated on boxes (all





Figure 3.5: Immunofluorescence images of human podocytes cultured on SU-8 patterns
labeled for CD2AP, ZO-1, Fyn, and Fat1 and quantitative analysis of levels for protein
markers (a) Representative immunofluorescence images of human podocytes cultured on
SU-8 patterns labeled for CD2AP, ZO-1, Fyn, and Fat1. Scale bar=10 µm. (b) Quantitative
analysis of levels for protein markers listed in Figure 3.5a for podocytes cultured on SU-8
channels. All intensities have been normalized to the respective values in the unpatterned
glass substrates (values given as mean ± SEM; n = 80, chosen randomly from 8 different
slides cultured independently; ** p < 0.01).
One of the unique advantages of our photoresist-based microfabrication system is the
ability to generate 3-D features that could guide cell shape without the use of extracellular
matrix (ECM) coating. Using this ability to control features along the third dimension, I
saw that the 3-D shape of the patterns was critical in driving process specialization. When
the height of the microfabricated patterns was lowered from 5µm to 1µm (Figure 3.6a),
a significant reduction in geometric compliance was observed (Figures 3.6b). This reduc-
tion was accompanied by the loss of shape-induced arborized geometry, whereby cells
were still spread through the channels but failed to produce specialized shape-induced
processes with high aspect ratios that were enriched for nephrin. This showed that 3-D
shape constraints were necessary for manifestation of the differentiated state. It is im-
portant to note that podocytes in shorter patterns lost nephrin enrichment even though
they were still spreading along the channel surfaces (i.e. their luminal surface was similar
to those in taller channels). The only difference between the two cell populations was the
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3-D induction of processes.
(a)
(b)
Figure 3.6: Representative Images and Quantitative analysis of podocyte shape compli-
ance in short (1µm) and tall (5µm) patterns. (a) Representative immunofluorescence con-
focal volume scans of podocytes cultured on short (1µm) and tall (5µm) channel pat-
terns respectively. Cells were immunostained for nephrin (green), f-actin (red) and nu-
clei (blue). Within short channels, cells did not produce shape-induced processes that
were enriched for nephrin, while within tall channels clear enrichment was observed. 3-
D shape is hence necessary for cell polarization and protein translocation into processes.
Scale bars=30 µm. (b) Quantitative analysis of podocyte shape compliance in short (1µm)
and tall (5µm) patterns as defined by the ratio of surface area that overlaps with non-
permissive photoresist vs. total cell surface area (all values given as mean ±SEM; n = 20,
chosen randomly from 4 different slides cultured independently; ** p < 0.01).
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3.3 Process Geometry Critical for Nephrin
Localization Predicts Natural Process Width
When I further tested the effect of process width on expression of slit diaphragm mark-
ers (nephrin, podocin and neph1) by microfabricating patterns with varying channel di-
mensions (Figure 3.7(c)), I saw that decreasing widths of interconnected branches led to
increased expression of slit diaphragm proteins nephrin, podocin and neph1, which was
not observed for non-slit diaphragm associated proteins vimentin and phospholipase C
(Figure 3.8). Maximum levels of enrichment for all three slit diaphragm proteins were
observed for channels with widths of 3µm; channel widths over 15µm did not produce





Figure 3.7: Alternative chip architectures. (a & b) Homogenous boxes and channels pat-
terns used for real time PCR analysis. All dimensions are as given by figure S2; channel’s
width is 5µm. (c) Channels expressing different width architecture used for Nephrin and
Vimentin amplification experiments. All dimensions are as given by Figure 2.5; chan-
nel’s width varies from 5µm up to 20µm. (d) Histogram of in situ width distribution of
primary processes in healthy human podocytes as measured from transmission electron
microscopy images. Mean process width was 3.0 ± 1.3 µm, which was very close to the
optimum process width suggested by the microfabricated surfaces (n = 110).
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Figure 3.8: (Left):Slit diaphragm protein enrichment in shape-induced processes within
patterns of different channel widths according to quantitative immunoflourescence.
Nephrin, podocin, and neph-1 fluorescence intensities are inversely proportional with the
width of shape-induced processes, while vimentin and PLCE1 intensities did not depend
on process width. (Right): Representative immunofluorescence images of shape-induced
processes showing f-actin (red), nephrin (green, top) and vimentin (green, bottom) as a
function of process width (n = 80, chosen randomly from 8 different slides cultured inde-
pendently; * p<0.05 and ** p<0.01).
3.4 Cells Respond to Shape Signals Through β3
Integrin
I tested the role of integrin in transducing shape signals in podocytes. Integrin respond to
a wide range of external physical and structural cues [44], so I hypothesized that signals
from cell shape may activate integrins at the focal complexes. To test this hypothesis, I
blocked β1 and β3 integrins, in patterned and unpatterned podocytes, using functional
antibodies that block integrin activation and suppress signaling. Representative images of
untreated and treated podcytes stained for either nephrin or podocin are shown in Figure
3.9. Blocking of β3 integrin did not affect cell morphology of either the patterned and
unpatterned cells; however, it prevented the localization of nephrin and podocin within
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the processes plus there no significant differences in expression levels in unpatterned and
patterned cells. Treating cells with β1 integrin blockers affected cellular morphology as
spreading was reduced. However, even though the cells did not fully comply with the
patterns, expression of nephrin and podocin were highest in the channel-shaped cells
(Figure 3.10). Since formation of processes was limited due to spreading, localization
effects were not observed. However, when a lower dose of β1 integrin blockers was used
(0.1 mg/ml, the highest allowed without affecting spreading), localization ratios for both
nephrin and podocin were similar with those of the untreated cells.
Figure 3.9: Representative images of podocytes plated on unpatterned and patterned sur-
faces, and stained either for: (Left) nephrin (green) and f-actin (red), or (Right) podocin
(green) and f-actin (red). Both podocin and nephrin were highly localized within pe-
ripheral processes. Treating the cells with β3 integrin blockers abolished the localization
effect. Podocytes treated with β1 integrin blockers exhibit limited spreading however,
show intense podocin and nephrin staining compare to β3 blocked cells.
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Figure 3.10: Quantitative analysis of whole-cell nephrin and podocin intensities in pat-
terned and unpatterned podocytes treated with either β1 or β3 integrin blockers. High
nephrin and podocin intensities are detected for the untreated podocytes plated on chan-
nel surfaces compare to box and unpatterned cells. The same trend is observed for the β1
treated cells. In β3 blocked cells, no significant differences in the expression levels are
found betIen unpatterned and patterned cells. Values are given as mean ± SEM; n = 80,
chosen randomly from 8 different slides cultured independently (*p < 0.01 vs. UNP).
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3.5 Cell Shape Regulates Focal Adhesion
Arrangement Through αvβ3 Integrin Signaling
Although the biomimetic chips were not coated with extracellular matrix proteins, cells
secrete ECM during culture which can affect the activation and expression patterns of
integrins. To test the effect of ECM in podocytes, I studied the membrane arrangement of
β1, α5, β3, and αv integrins on patterned and unpatterned cells cultured with or without
fibronection coating. The cells were immunolabelled for integrin receptors, representa-
tive images are shown in Figure 3.11. On uncoated substrates (without fibronectin), cells
acquired circular morphologies compared to cells on fibronectin surfaces. Both β1 and α5
integrins demonstrate punctate patterns on uncoated surfaces. On fibronectin coated sur-
faces, β1 integrin shows expression almost throughout the entire cell, while α5 integrin
(also known to promote fibrillar adhesions, see [45]) is expressed exclusively in the cell
center. β3 and αv integrins, on the other hand, both show strong clustering along actin
bundles in cells plated either on coated or uncoated surfaces. On fibronectin surfaces, β3
integrin formed larger focal islands that colocalized with the actin cytoskeleton, while αv
integrin mainly clustered along the cell periphery associated with focal contacts [45, 46].
In contrast, on channel patterns, podocytes show no identifiable differences in integrin
expression between fibronectin-coated and uncoated surfaces. Both β1 and α5 integrins
are homogenously distributed throughout the cell on either coated or uncoated surfaces.
β3 and αv integrins show strong colocalization with actin bundles and are mainly ex-
pressed across the cell edges. The subcellular arrangement of integrin clusters is inde-
pendent of the ECM coating and is governed by cell shape. This suggests that β3 and αv
integrins could serve as shape sensors by clustering along the actin cytoskeleton inde-
pendent of the ECM.
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Figure 3.11: Representative images of β1, α5, β3, αv integrins (cyan) and F-actin (red)
staining in podocytes plated on unpatterned (right) and channel surfaces (left) with and
without fibronectin coating. Cells plated on unpatterned surfaces coated with fibronectin
exhibit significantly higher spreading area compare to those plated on uncoated surfaces.
Fibronectin found to promote clustering of β3, αv integrins along f-actin. For cells plated
on the channel patterns, no significant differences in integrin expression were observed
between coated and uncoated surfaces; spatial integrin expression was found to be inde-
pendent of the ECM coating in 3-D micropatterned podocytes.
Spreading of podocytes onto the patterns leads to the formation of long and stable
actin bundles along the cell edges (Figure 3.11). To examine the effect of cell-matrix
interactions in this process, I traced the spatial arrangement of focal adhesions on pat-
terned and unpatterned podocytes and examined the effect of β1 and β3 integrins on
the maturation of the adhesion complex. Representative images of podocytes stained for
activated focal adhesion kinase (p-FAK) are shown in Figure 3.12. Focal adhesions on
patterned podocytes show differences in both arrangement and morphology compared
to unpatterned cells. On patterned cells, focal islands were elongated and oriented along
the edges, aligning well with actin bundles. On unpatterned cells, adhesion islands were
small, discrete, and numerous, mainly formed at the tips of actin fibers. Notably, focal
islands formed on channel-shaped cells were larger than the box-shaped or unpatterned
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cells (Figure 3.13). I then tested the role of β1 and β3 integrins on the maturation of focal
islands using functional antibodies. Cells treated with β1 integrin blockers were much
smaller and less polarized compared to untreated cells. Cells plated onto the patterns
showed partial spreading and little compliance. Nevertheless, mature and large focal is-
lands are clearly visible on the cell peripheries that are colocalized with actin bundles
(Figure 3.12). Focal islands formed on channel-shaped cells are much larger than the box-
shaped or unpatterned cells, while the aspect ratio was found to be similar for all shapes.
On the other hand, cells treated with β3 integrin blockers, showed no morphological dif-
ferences compared to untreated cells; however, focal islands were much smaller and less
elongated comparedwith the untreated cells. This heterogeneous pattern of p-FAK is visu-
ally similar to the membrane arrangement of β3 integrin clusters (Figure 3.11). addition-
ally, blocking of β3 integrin resulted in a decrease of focal adhesion maturation and loss
of phenotype (Figure 3.9). Taken together, these observations suggest the involvement of
β3 integrins in transducing signals from cell shape through membrane focal complexes
that in turn mediate intracellular signaling pathways.
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Figure 3.12: Podocytes were plated on unpatterned, box, or channel surfaces with and
without presence of integrin blocking antibodies, and stained for phospho-FAK (green)
and f-actin (red). For untreated cells, focal islands formed within shape-induced processes
are found to be larger than those in cells plated on box or unpatterned surfaces. Podocytes
treated with β3 integrin blockers show no morphological aberrations; however the focal
islands are much smaller and less peripheral than control cells. In contrast, podocytes
treated with β1 integrin blockers don’t spread properly; however, the size and location of
the focal islands are unaffected.
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Figure 3.13: Quantitative analysis of focal complex area and aspect ratio in podocytes
plated on unpatterned, box, and channel surfaces and treated with either β1 or β3 integrin
blocking antibodies. Values are given as mean ±SEM; n > 500, chosen randomly from 20
different cells taken from 4 different slides cultured independently ( ̂p<0.05, *p<0.01 vs.
UNP).
Focal adhesion assembly and maturation is known to increase with cytoskeletal ten-
sion [47, 48]. Upon integrin activation, FAK is recruited to focal islands bymyosin through
activation of the Rho pathway; however, the role of focal adhesion maturation in pat-
terned cells has not been studied in details. To test how perturbations to intracellular
force affect focal adhesion maturation and phenotype in patterned podocytes, I examined
the morphological characteristics of focal islands and nephrin accumulation in branched
podocytes treated with varying concentrations of blebbistatin. Podocytes stained for p-
FAK, F-actin, p-myosin and nephrin are shown in Figure 3.14. Corresponding plots show-
ing intensity quantification are given in Figure 3.15.
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Figure 3.14: Podocytes were treated with varying concentrations of blebbistatin from 0.1
to 100 µM for 12 hrs prior to fixation and stained either for (Top row) nephrin (green)
and f-actin (red), (Mid row) p-FAK (green) and f-actin (red), or (Bottom row) p-myosin
(green) and f-actin (red). p-Myosin intensity decreases gradually with increasing bleb-
bistatin concentration, whereas recruitment of p-FAK to focal adhesions is not affected
by blebbistatin up to 10 µM. Similarly, nephrin localization in processes shows very little
decrease up to 100 µM, when the cells failed to spread properly.
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Figure 3.15: Quantification of blebbistatin effects on podocytes plated on channel patterns.
Up to extreme concentration of 100 µM, focal adhesion morphology, f-actin intensity,
and nephrin localization, show no major changes. There is a strong correlation between
focal adhesion maturation and f-actin intensity within the adhesion islands that hold for
both treated and untreated cells suggesting that focal adhesion maturation is affected by
stress fiber architecture. Values are given as mean ± SEM; n=20, chosen randomly from
5 different slides cultured independently ( ̂p < 0.05, *p < 0.01 vs. untreated).
As the concentration of blebbistatin increased, p-myosin intensity decreased by 90%
compare to untreated cells. This did not affect recruitment of p-FAK to focal adhesion sites
up to concentration of 10 µM. Both areas and aspect ratios of adhesion sites were mini-
mally affected by the decreased force generation. Moreover, the densities of F-actin fibers
along the edges and within the adhesion islands were stable within this level of inhibition.
Nephrin localization in processes showed moderate decrease of about 25% (vs. untreated
cells) when treated with 10 µM of blebbistatin. At extreme concentration (100 µM), focal
adhesion morphology, F-actin intensity, and nephrin localization all show a dramatic de-
crease. This suggests that even a low level of p-myosin activity ( 30% of untreated cells
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at 10 µM blebbistatin) is sufficient to maintain focal adhesion maturation and phenotypic
switching. These findings suggest a correlation between focal adhesion maturation and
F-actin density within the adhesion sites. Less mature focal plaques are observed with
reduced F-actin density, which leads to loss of localization phenotype. This means that
for patterned podocytes, focal adhesion maturation, and morphology, are governed by
stress fiber architecture and less by intracellular tension.
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3.5.1 Shape Governs Redifferentiation of Vascular Smooth
Muscle Cell
To assess general relevance, I tested whether shape signals can regulate function in an-
other cell type and whether shape signals are transduced by β3 integrins. I studied vascu-
lar smooth muscle cells (SMCs), which retain phenotypic plasticity that can be modulated
in response to extracellular signals. I constructed an array of five ellipsoid patterns with
varying aspect ratios ranging from 1:1 to 1:8 (Figures 3.16 and 3.17). Human SMCs were
plated on the patterns and cultured for two days. I then analyzed integrin expression,
focal complex formation, and tested whether induced morphology is sufficient to evoke a
phenotype related functions. Figure 3.18a shows representative images of SMCs plated on
the ellipsoid array and stained for either β3 or β1 integrins. β3 integrins are expressed
along actin stress fibers; however, as the aspect ratio increases, they become more im-
mobilized in large domains along the cell periphery. In contrast, β1 integrin shows a
distributed pattern more across the whole cell and weak colocalization with actin fibers.
As the aspect ratio increases, β1 integrins are localized to the tips, which may indicate
formation of fibrillar adhesion sites that are enriched for β1 integrin; these sites are also
formed on areas exposed to high mechanical stress as shown to occur in sharp membrane
protrusions [45]. Next, I examined the effect of β1 and β3 integrins on the maturation of
the adhesion complexes. Representative images of SMCs stained for p-FAK are shown in
Figure 3.18b for untreated and for β3 and β1 integrin blocked cells (morphological char-
acteristics of focal complexes are shown in Figure 3.19). For the untreated cells, as the
aspect ratio is increased, the focal islands were found to be large, polarized, and oriented
along the cell periphery.
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Figure 3.16: Architecture of the ellipsoid-patterned surface. (Left) Culturing habitat show-
ing the ellipsoid arrays. (Right) Geometrical characteristics of a single ellipsoid array.
Figure 3.17: Patterning of vascular smooth muscle cells (SMC): a typical SMC shape as
seen in culture showing hypertrophic morphology with significant increase in cell size.
Microfabrication was used to construct an array of ellipsoid shapes with constant spread-
ing area and varying aspect ratios. SMCs plated on elongated 3-D ellipsoid shapes present
a morphology close to their in vivo state as characterized by the spindle shape. Cells were




Figure 3.18: Representative images of SMCs plated on ellipsoid patterns and stained for
(a) either β3 or β1 integrin (green) and f-actin (red). β3 integrins show expression along
actin stress fibers for all tested shapes, while β1 integrins are localized around the tips
and cell periphery. And (b) stained for p-FAK (green) and f-actin (red). Untreated cells
exhibit large focal islands along the cell periphery that aligned with actin bundles. Cells
treated with β1 blockers do not spread well; however, mature and large focal islands are
detected with increasing aspect ratio. Those treated with β3 integrin blockers show no
morphological aberrations; however, focal complexes are smaller and less pronounced.
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Figure 3.19: Quantitative analysis of focal complex area and aspect ratio in SMCs plated on
ellipsoid patterns and treated with either β1 or β3 integrin blocking functional antibodies.
For the untreated cells, both area and aspect ratio are increased with increasing aspect
ratio of the cell. The same trend in focal complex area is observed for cells treated with
β1 integrin blocking although focal adhesions area and aspect ratio were found to be
smaller. For cells under β3 integrin blocking, focal islands were smaller and their aspect
ratio was less dependent on cell shape. Values are given as mean ± SEM; n > 500 focal
sites, chosen from 20 random cells taken from 4 different slides, cultured independently
(*p < 0.01 vs. previous ratio).
To quantify the phenotype related function in SMCs, I determined the expression and
subcellular localization of two contractile proteins: α-SMA and calponin. I cultured SMCs
on the ellipsoid arrays and used immunofluorescence to quantify the intensity levels of
both proteins as shown in Figure 3.20 and Figure 3.21, respectively. In addition, I tested
the effect of β1 and β3 integrins using functional blocking antibodies. Examining the
untreated cells revealed: (i) both α-SMA and calponin show increased expression in pat-
terned cells (ii) both proteins show strong colocalizationwith actin stress fibers suggesting
that the proteins are functionally active; and (iii) as the aspect ratio increases, expression
levels of both proteins are elevated ( 7 fold for 1:8 ellipsoids vs. circular cells). These
observations indicate that SMCs respond to shape signals by increasing the expression
of proteins necessary for early and late differentiation and demonstrating appropriate
subcellular localization requwered for physiological activity.
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Figure 3.20: Representative images of SMCs plated on ellipsoid patterns and stained ei-
ther for calponin (green) and f-actin (red), orα-SMA (green) and f-actin (red). In untreated
SMCs, both α-SMA and calponin showed increased expression with increasing aspect ra-
tio; in addition α-SMA was co-localized with actin stress fibers, which is a hallmark of
contractile SMC maturation. For β3 blocked cells, the intensity levels of both markers
found to be roughly constant with increasing aspect ratio. Additionally, the localiza-
tion of α-SMA with actin bundles was diminished. Cells treated with β1 blockers do not
spread well; however, increased expression of both markers and co-localization with actin
bundles is visible with the increasing aspect ratio.
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Figure 3.21: Quantitative analysis of calponin and α-SMA in SMCs plated on ellipsoid
patterns with and without β1 or β3 integrin blocking antibodies. Values are given as
mean ± SEM; n = 80, chosen randomly from 8 different slides cultured independently ( ̂p
< 0.05, *p < 0.01 vs. previous ratio).
Cells treated with β1 integrin blockers, show less compliance with the patterns; how-
ever, as with untreated SMCs, both proteins show localized expression along actin bun-
dles with increasing aspect ratio. Patterned SMCs induce elevation of both α-SMA and
calponin (>4 fold for 1:8 ellipsoids vs. circular patterns). These findings indicate that
blocking β1 integrins slightly affect the spreading in patterned SMCs, however, it does
not affect the response of cells to shape signals or the spatial localization of the contrac-
tile proteins. In contrast, treating SMCs with β3 integrin blockers greatly reduced the
expression of both proteins while increasing the aspect ratio of the shapes had no signif-
icant effect on the total expression levels (<2 fold for 1:8 ellipsoids vs. circular patterns).
Additionally, the colocalization of α-SMA with actin bundles is less distinguished, while
punctate staining patterns are observed, which might indicate poor functional rearrange-
ment of these proteins. Taken together, these findings indicate that β3 integrin controls
the recognition of shape signals in SMCs similar to podocytes.
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3.6 Chapter Conclustion
In this study, I utilized microfabrication of micropatterns architecture on cell culturing
interface and successfully achieved cell shape control. I developed an elaborated process
using photolithography technique which enables the smallest feature on the micropat-
terns to be 3 µm. These finely featured micropatterns created surfaces that represent
highly simplified versions of in vivo podocyte morphologies, which contained a main
chamber for the cell body along with conduits that allow process formation to produce
arborized cells. The cell shape of in vitro podocytes were successfully controlled to mimic
their in vivo phenotype. To make my researches in general relevance, I also constructed
ellipsoids with varying aspect ratios to enable the cell shape control for human smooth
muscle cells. In consideration that in vivo smooth muscle cells have high aspect ratios,
the changes of phenotype with regard to a changed aspect ratio will also help to verify
shape’s important role in differentiation.
The experiments were focusing on two major membranal receptors integrin β1 and
β3 (α5 and αv are often paired with β1 and β3 respectively). I firstly found that podocyte
protein localization was severely affected by blocking the function of integrin β3 with-
out affecting cellular morphologies, whereas blocking integrin β1 affected the whole cell
spreading without bringing down the whole-cell marker expressions. The immunostain-
ing of these two integrins revealed that special features of their cellular distributions.
Integrin β3 aligns with actin fibers no matter cells are cultured on patterns or allowed to
spread freely, where as integrin β1 was always found across the whole cell and indicated
little correlation with actin fibers. With/without the activation of fibronectin did not af-
fect the spatial distributions of these two integrins. Since the recruitment of actin fibers
requires focal contacts and focal adhesions, multiple inhibitors tests showed that focal
adhesion maturation was much more strongly affected by the integrin β3 than by β1.
Moreover, myosin activity, which represents intracellular force, was not affecting focal
adhesion maturation and protein localization. The differentiation phenotypes of both kid-
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ney podocytes and human smooth muscle cells are both governed by integrin β3, which
senses the cell shape and spatially employ focal adhesions.
3.7 Appendix A:Experimental Methods
3.7.1 Cell Culture
3.7.1.1 Podocytes
Human podocytes were a kind gift from Prof. Moin Saleem (Faculty of Medicine and
Dentistry, University of Bristol, UK). Methods for podocyte culture and differentiation
are based on a previously described protocol (Saleem et al., 2002). Cells proliferate un-
der permissive conditions (γ-interferon, at 33 ◦C) but differentiate under nonpermissive
conditions (37 ◦C). Briefly, cells were initially cultured on culture dishes in RPMI 1640
medium (Invitrogen, Cat: 11875119) containing 10% fetal bovine serum (Invitrogen Cat:
26140-079) supplemented with 1% insulin/transferrin/selenium liquid media supplement
(Sigma-Aldrich, Cat: I3146) and 100 units/ml penicillin (Invitrogen, Cat: 15140-122). Cul-
tures were incubated in a 37 ◦C humidified incubator. After 2 days, cells were collected
with trypsin EDTA (Invitrogen, Cat: 25300054) and re-plated on SU-8 patterned coverslips
for continuous culture for 5 days.
3.7.1.2 Human Vascular Smooth Muscle Cells
HITB5 human vascular smooth muscle cells from Cellutions Biosystems were cultured in
M199 medium (25 mM HEPES, Invitrogen, Cat: 12340-030) supplemented with 10% fetal
bovine serum, and 100 units/ml penicillin, and maintained in 5% CO2 at 37 ◦C. Cells were
harvested after 2 days with trypsin EDTA and re-plated on SU-8 patterned coverslips for
continuous culture for 24 hours. Coverslips were then resuspended in M199 medium in




1. Prepared powdered F127 Pluronic (Sigma-Aldrich, cat. no. P2443). 2. F127 Pluronic
stock solution (2% (wt/vol)): Dissolve 2g F127 Pluronic flakes in 100 ml PBS. Filter-sterilize
the solution. The solution can be stored indefinitely at room temperature. 3. To block un-
stamped regions of the substrates with F127 Pluronic, prepare a working solution of 0.2%
(wt/vol) Pluronic by diluting the 2% (wt/vol) Pluronic stock solution in PBS. 4. Submerge
substrates in Pluronic solution and incubate for 30-60 min, protected from light (if labeled
with DiI). Aspirate the deionized water and add 1-2 ml Pluronic solution. 5. Wash away
the excess Pluronic solution with deionized water and PBS by repeating these three steps:
(i) Aspirate the Pluronic solution in the dish. (ii) Add 2 ml of deionized water, swirl the
dish and then aspirate. Repeat this step once. (iii) Add 2 ml of PBS.
3.7.3 Morphometric Analysis
Analysis of cells on SU-8 patterns was carried out by random selection of cells which
spread through at least 50% (> width·15 µm2) of the branch area and 50% (> 1250 µm2)
of the body area. For cells on the SU-8 box patterns, coverage greater than 50% (> 1250
µm2) was considered sufficient. For both populations, only single cells were considered,
meaning no overlapping with neighbor cells and pattern compliance greater than 90%.
The compliance C is defined as the ratio of the patterned glass area (Ag) over the sum of





For immunostaining protein analysis, all cells were chosen randomly at 63x magnification
and represent the native populationwithout phenomenology being biased. Statistics were
processed from images taken at 20x magnifications with a total of 30-50 different areas
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being scanned. The average fluorescence intensities were calculated as arbitrary unit per
squaremicrometer (a.u./µm2). The datawas analyzed for variance using onewayANOVA,
p < 0.05 was considered as statistical significance.
Morphological characterization including average spread area and aspect ratio (AR)
were measured for the three cellular populations (unpatterned, boxes, channels). The
spread area was calculated based on the counter of the cell while the aspect ratio is based
on a fitted ellipse representing the ratio of the long axis to the short axis. The spread area
and aspect ratio were calculated using ImageJ using F-actin stained cells. Focal adhesion
analysis was carried out based on P-FAK immunostaining, images were thresholded and
segmented usingMatlab and analyzed for area and aspect ratio using ImageJ (Figure 3.22).
Figure 3.22: Morphological characterization. (a) Podocyte on an uppatterned glass sub-
strate. (b) Contour showing the spreading area of the cell (c) Best fitted ellipse and its
corresponding arrows demonstrating the long and short axes. Scale Bar=10 µm.
3.7.4 Integrin and Myosin Inhibition Assays
Prior to plating onto the patterned surface, Podocytes/ SMCs were suspended in
RPMI/M199 media containing either Integrin β3 blocking antibodies (B3A, EMD Mil-
lipore, Cat: MAB2023Z) or Integrin β1 blocking antibodies (6S6, EMD Millipore, Cat:
MAB2253) at a concentration of 1mg/ml for 1 hour at 37 ◦C. For podocytes, a second and
third dose of antibodies at a dilution of 1:100 were added to the culturing media 2 and 4
days after cells seeding respectively.
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Non-muscle myosin IIa inhibitor blebbistatin (Sigma, Cat: B0560) was dissolved in
DMSO to a stock concentration of 5 mg/ml and added to the micropatterned cells 12 hours
prior to fixation at a final concentration of 0.1, 1, 5, 10, and 100 µM respectively.
3.7.5 Quantitative Real-time PCR
Total RNA was extracted using the RNeasy kit (Qiagen, Cat: 74104) per manufacturer’s
instructions. First strand cDNA was prepared from total RNA ( 1.0 µg per reaction) us-
ing the SuperScript III first strand synthesis kit (Invitrogen, Cat: 1461361), and cDNA
was amplified in duplicates using Quantitech SYBR Green kit (Qiagen, Cat: 204143) on
an AB PRISM 7500 (Applied Biosystems) real-time PCR machine. Pre-designed Quan-
titech primer sets were obtained from Qiagen for Homo sapiens NPHS2 (podocin), WT1,
DDN (dendrin), NPHS1 (nephrin), MAGI2 (membrane associated guanylate kinase, WW
and PDZ domain containing 2), CDH3 (p-cadherin), CD2AP, KIRREL (Neph1), PARD3B
(Par-3 family cell polarity regulator), ACTN4 (α-actinin-4), SYNPO (synaptopodin) and
GAPDH. AB7500 analysis software was used to determine crossing points using the sec-
ond derivative method. Changes in the expression levels of eleven differentiation genes
were normalized to the housekeeping gene (GAPDH) and presented as fold increases com-
pared with RNA isolated cells cultured on unpatterned glass using the 2 ·∆∆CT method
(Livak and Schmittgen, 2001).
Detailed procedures of mRNA isolation: Preparation: Put pure ethanol 44ml into
buffer RPE.
1. Use RNAse free tube eppendorf. Use RNAse away to wipe table, tubes, pipettes,
bottles. 2. For one sample, take 3 RNAse free tubes. Label one RLT, one Podo RNA,
one Ethanol. 3. Take 600 µl with filter tip from RLT. 4. Make 3:100 (concentration) beta-
Mercaptoethanol into RLT buffer made before. 5. Diluting ethanol with RNAse free water,
put 600 µl 70% ethanol into tube “ethanol”. 6. Wash cells with PBS twice, aspirate all liquid
thoroughly. 7. Put RLT buffer into the culturing dish. 8. Take all the lysate into original
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RLT tube. 9. 1st centrifuge lysate with maximum speed 21 krpm, 3 min. 10. Put lysate
into the ethanol tube. 11. Take 650 µl mix into the pink tube, and 2 nd centrifuge at 6000
rpm 30 sec. 12. Take out the pink tube, get rid of the liquid. 13. Add 650 µl mix into
the pink tube again, do 3rd centrifuge at 6000 rpm 30sec again. 14. Put 500 µl RW1 into
pink tube. 4th centrifuge at 8000 rpm 30sec again. 15. Put 500 µl RW1 into pink tube,
5th centrifuge at 8000 rpm 30sec again. 16. Put 500 µl RPE into pink tube, 6th centrifuge
at 8000 rpm 30sec again. 17. Put 500 µl RPE into pink tube, 7th centrifuge at 8000 rpm
30sec again. 18. Put 500 µl RPE into pink tube, 8th centrifuge at 8000 rpm 30sec again. 19.
Put pink tube into dry cap tube, 9 th centrifuge again at 10 krpm 1min. 20. Put pink tube
into tube “Podo RNA”. 21. Put RNAse-free water 30 µl into pink tube and 10th centrifuge
again 12 krpm, 1min. 22. Control 95 µl RNase-free water into chamber tube. Test and
press “blank”. 23. Put 5 µl sample liquid into chamber tube then press “sample”. 24. Store
sample at -80 ◦C. 25. 260/280 should be around 2, 260/230 should be around 2.
3.7.6 Immunostaining
Cells were fixed with 4% paraformaldehyde in PBS for 20 minutes and permeabilized with
0.5% Triton-X for 10 minutes at room temperature. After washing with PBS and blocking
in 4% bovine serum albumin, cells were incubated overnight independentlywith a primary
antibody at a given dilution as summarized in Table 3.1. Primary antibody incubation was
folloId by fluorescently tagged anti-rabbit (Alexa Fluor 488, Cell Signaling, Cat: 4412S) or
anti-mouse (Alexa Fluor 647, Cell Signaling, Cat: 4410S) secondary antibodies. Phalloidin
(Alexa Fluor 568, Invitrogen, Cat: A12380) and Hoechst 33342 (Invitrogen, Cat: H3570)
were used to demarcate f-actin and the nuclei, respectively. Images were acquwered by
Zeiss LSM700 laser scanning microscope using ZEN Lite 2011 software. Images were
recorded under the same conditions for each marker (i.e. voltage gain, pinhole, digital
offset). All spatial fluorescence intensity measurements were carried out in a pairwise
fashion where patterned and uppatterned cells were imaged on the same coverslip under
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identicalmicroscope settings. Signal-to-noise for all antibodieswas first tested by imaging
with and without primary antibody on unpatterned glass surfaces for all cell types.
Detailed procedures of protocol is shown below as a reference: 1. Prepare samples,
wash with 37 ◦C PBS to clean. 2. Fix the cells. 3. Clean with PBS X3 at Room Temperature
(RT) tree times (Don’t flush strong on samples). 4. Place Triton solution 3-5ml for each
sample (have to cover the studied surface). And incubate at RT for 10-20 min. 5. Clean
with PBS X3. 6. Replace PBS with 2% BSA +5% goat serum in PBS (x2) and incubate in
RT for 1-2hours to block unspecific binding. 7. Remove the blocking media but do not
wash with PBS. Do not let sample over-dry. 8. Place the Primary antibody solution on
samples for 1-2 hr at RT (or overnight at 4 ◦). (Approximately 200uL for a coverslip) 9.
Clean with PBS X5. 10. Place the Secondary antibody solution and incubate 30 min at RT.
Since 2nd antibody has fluorophores, so do not overexpose. (Approximately 200uL for a
coverslip) 11. Clean with PBS X3. 12. (optional) Replace PBS with fluorescent phalloidin
and incubate for 20 min at RT. Do not overexpose. (Approximately 200uL for a coverslip)
13. Clean with any PBS X3. 14. Place DAPI (or Hoechst) solution and samples to make
dry. Flip the samples on microscope slides and seal with nail polish.
Immunostaining requires materials which are listed below.
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Antibody Function Source
alpha Actinin 4 (Rabbit) IF 1:100 Abcam, cat # ab108198
alpha smooth muscle Actin (1A4,
Mouse) IF 1:100 Abcam, cat # ab108198
Calponin (EP798Y, Rabbit) IF 1:100 Abcam, cat # ab46794
CD2AP (A599, Rabbit) IF 1:50 Cell Signaling, Cat # 5478S
CD49e (NKI-SAM-1, Mouse) IF 1:200 EMD Millipore, cat # CBL497
Collagen I IF 1:200 Abcam, cat # ab34710
Fat1 (Rabbit) IF 1:50 Sigma, cat # HPA023882
Fibronectin (Rabbit) IF 1:200 Sigma, cat # F3648
Fyn (2A10, Rabbit) IF 1:200 Abcam, cat # ab119855
Integrin beta 1 (P5D2, Mouse) IF 1:200 Abcam, cat # ab24693
Integrin beta 3 (BV4, Mouse) IF 1:100 Abcam, cat # ab7167
Integrin alpha-V (LM142, Mouse) IF 1:100 EMD Millipore, cat #MAB1978
Integrin beta 3 (B3A, Mouse) Blocking1:100
EMD Millipore, cat #
MAB2023Z
Integrin beta 1 (6S6, Mouse) Blocking1:100
EMD Millipore, cat #
MAB2253
Laminin (Rabbit) IF 1:20 Sigma, cat # L9393
Nephrin (Ig-like domain 5, Rabbit) IF 1:100 Enzo, cat # 810-016-R100
KIRREL (Rabbit) IF 1:50 Sigma, cat # HPA030458
Phospho-FAK (pTyr397, Rabbit) IF 1:50 Cell Signaling, cat # 3284S
Phospho-MLC 2 (Ser19, Mouse) IF 1:100 Cell Signaling, cat #3675L
Phospholipase C-epsilon-1 (Rabbit) IF 1:50 Sigma, cat # HPA015598
Podocin (Rabbit) IF 1:100 Sigma, cat # P0372
Synaptopodin (Mouse) IF 1:50 Progen Biotechnik, cat #65294
Vimentin (R28, Rabbit) IF 1:50 Cell Signaling, cat # 3932S
ZO-1 (Rabbit) IF 1:100 Invitrogen, cat # 40-2200
Table 3.1: Information of antibodies
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Chapter 4
Substrate Stiffness Control Achieved by Biomaterial-based
Tissue Culture Platforms
Tissue stiffness is one of the most important cues guiding cell growth. For differenti-
ated cells, reports has identified that the stiffness of extracellular matrix is an important
mediator of cell behavior. Cellular growth, motility and survival were generally affected
regardless of cell lines[32]. The relation between cellular behaviors identified the ubiq-
uity of cellular mechanosensing. Such unique characteristic in cells has also suggested
the link between tissue physiological functions and viscoelasticity at healthy or diseased
state[33]. Previous studies have utilized hydrogel-based cell culture platforms to inves-
tigate cell-matrix interactions, and selected findings will be introduced in this chapter.
The details this review will also cover the biomaterials commonly used for these plat-
forms. As a key component to investigate cell-matrix interaction, these hydrogel-based
platforms provided biomimetic stiffness control for mechanobiological studies.
4.1 Review: Previous Findings in Cell Phenotype
Generated by Substrate Stiffness Control
To review the effect of tissue stiffness on cell behavior, the basic level investigation is
cellular growth and viability. It has been reported that cells undergo more apoptosis and
less proliferation on softer substrate in opposite to stiffer ones[49]. Cells were also found
in different motilities in response to a changed substrate stiffness. ”Durotaxis” is the term
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that describes the tendency of cellular migration, in which cells were found prone to
migrate from softer substrate to stiffer ones[50]. It is clear that mechanical properties of
the ECM are influential to cellular behaviors which reflect intracellular modifications on
protein and genetic levels (Figure 4.1). For pluripotent cells, more studies have shown that
stiffness is able to regulate their lineage commitment, which was shown as a promising
property in mesenchymal stem cells (MSC) for tissue reconstruction[31].
Figure 4.1: Schematic illustration of the general behaviors observed as the elastic moduli
of matrix stiffness increases. Optimal matrix stiffness varies among different cell lines.
Cells are minimally proliferaive and prone to apoptosis on soft ECM, and they are charac-
terized by rounded morphologies with growth arrested. Stiff matrices alter these charac-
ters by making cells proliferative and fibrogenic, with high spread areas and more stress
fibers.
4.1.1 Tissue Stiffness Affect Stem Cell Lineage Commitment
Polyacrylamide (PAA) gel was used to mimic the in vivo tissues by having similar elas-
tic moduli. The elastic moduli of most organs and viscoelastic tissues range over three
orders of magnitude, from 100 Pa (brain) to 100 kPa (soft cartilage)[51]. Adult stem cells
are capable of differentiating into various adhesion-dependent cell types such as neurons,
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myoblasts, and osteoblasts (Figure 4.2) [24, 29, 30, 52], and in vitro culturing of naive mes-
enchymal stem cells (MSCs) shows stiffness-dependent lineage specification and commit-
ment[31].
Figure 4.2: (Left) Solid tissues exhibit a range of stiffness, as measured by the elastic modu-
lus, E. As shown in the graph, elastic tissues, which include brain, muscle and collagenous
bone, differ in elastic moduli for several orders of magnitude. (Right) Microarray profiling
of MSC transcripts in cells cultured on 0.1, 1, 11, or 34 kPa matrices with or without bleb-
bistatin treatment. Neurogenic markers (Left) are clearly highest on 0.1-1 kPa gels, while
myogenic markers (center) are highest on 11 kPa gels and osteogenic markers (Right) are
highest on 34 kPa gels.
4.1.2 Stiffness Controls Cell Proliferation
Wound recovery experiment has been one of the most classic tests to measure cellular
proliferation. In a similar manner to epidermal cells repairing wounded skin. The mono-
layer of cells was deliberately damaged with a uniform slit. Cells cultured with different
substrate stiffness undergo different proliferation rates which wound repair and close the
“wound” earlier or longer. In recovery study introduced below, the substrate stiffness was
mimicked by PDMS substrates. The moduli of PDMS were controlled at 16, 20, 200 kPa.
71
Figure 4.3: The proliferation of human epidermal cells on PDMS substrate with young’s
modulus (a) E = 16 kPa (b) E = 20 kPa (c) E = 200 kPa.
4.2 Review: Hydrogel-Based Tissue Engineering
Platforms
In this chapter I will give a technical review of different hydrogel-based scaffold tech-
niques used in tissue engineering researches. These techniques created biocompatible
platforms that are particularly designed to control the conditions of cell living environ-
ment. Substrate stiffness, as a major mechanical property of environment, has been found
closely related with cell differentiation and physiological functions. Therefore, it is worth
discussing various techniques in the field of tissue engineering platform design. The com-
parison of the features among different platforms also gives clear deterministic principals
in future engineering projects.
4.2.1 Synthetic Polymer Based Hydrogels with Stiffness Control
These materials are divided into non-biodegradable polymers and biodegradable poly-
mers. Several representative ones widely used in research include acrylamide (AAm), 2-
hydroxyethyl methacrylate (HEMA), 2-hydroxypropyl methacrylate (HPMA), acrylic acid
(AAc), N-isopropylacrylamide (NIPAm) and methoxyl poly(ethylene glycol) monoacry-
late (mPEGMA or PEGMA) etc. Some other synthetic polymers are categorized as
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biodegradable ones which have been extensively studied throughout the last decades.
The representative ones have been widely used for the fabrication of biocompatible scaf-
fold, including poly(lactic acid) (PLA), poly(glycolic acid) (PGA), poly(ϵ-caprolactone)
(PCL).[53]
4.2.1.1 Polyacrylamide (PAA) gel
Polyacrylamide (PAA) gels has been used widely for tissue engineering researches. This
gel represents the large group of synthetic non-biodegradable polymer based hydrogels
that can be prepared from copolymerization of their monomers. (e.g. Polyacrylamide
(PAA) gel is polymerized from monomer acrylamide (AAm)) Polyacrylamide was origi-
nally used for protein separation (Western Blot) because of its inert chemical reactivity
and low affinity for common protein stains. Prepared by free polymerization of monomer
acrylamide, PAA gel has to cure under the cross-linking effect by ammonium persulfate
(APS) with tetramethylethylenediamine (TEMED) as the catalyst.
However, this hydrophilic hydrogel is considered inert to protein absorption and other
methods for efficient immobilization are generally required. For instance, the photore-
active cross-linker sulfo-SANPH (N-sulfosuccinimidyl-6-(4’-azido-2’-nitrophenylamino)
hexanoate) which was often used in the conjugation of biomolecules onto polyacrylamide
gels. A representative study was to use this gel with sulfo-SANPH to analyze cellular re-
sponse to substrate stiffness mentioned in chapter 4.1.1.
4.2.1.2 PDMS
PDMS (poly(di-methylsiloxane)) is another synthetic polymer material widely used by
biomedical engineers, especially in the design and fabrication of microfluidic systems.
PDMS has attractive mechanical strength suitable to build up cell culturing scaffold with
a minimum young’s modulus being around 5 kPa. PDMS are less inert to protein adhe-
sion than PAA gel but additional ECM coating procedures were still suggested such as
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the micro-contact stamping technique mentioned in chapter 2.2.2 [54] and. It is optional
to use sulfo-SANPH to covalently bind extracellular proteins[55], but in many cases the
direct immersion within ECM proteins was also reported[56].
PDMS has good compatibility with many optical detection and is transparent in the
visible/UV region. Besides, even after UV treatment, PDMS will not release toxin to cells.
Although PDMS is hydrophobic by its intrinsic surface chemical property, the surface can
be made hydrophilic by exposing it to an oxygen plasma and kept indefinitely by keeping
the surface in contact with water or polar organic solvents. Proteins can be covalently
linked to PDMS by sulfo-SANPH or with an amino-terminated silane[57]. The elastic
moduli of PDMS cannot be prepared with stiffness below 5 kPa, which is larger than the
2.5 kPa modulus of renal glomerular tissue[58, 59].
74
4.2.2 Natural Polymers Based Hydrogels with Stiffness Control
Besides synthetic polymers, some natural polymers can also make hydrogel scaffolds.
A major reason that natural hydrogels were made as scaffolds for tissue engineer-
ing is because of their biocompatibility, inherent biodegradability and capabilities of
critical biological functions. These materials include proteins and their derivatives,
such as collagen, gelatin, fibrin, elastin-like polypeptides etc. Some other natural
materials were also widely used such as agarose, dextran, chitosan, and hyaluronic
acid (HA). Protein/polysaccharide hybrid polymers include collagen/HA, fibrin/alginate,
laminin/cellulose, gelatin/chitosan.
4.2.2.1 Collagen and Gelatin
Collagen, which is most abundant within mammals, is a representative material to fabri-
cate natural hydrogels. Collagen has the capability of self-assembly and its fibrillogenesis
is sensitive to temperature, pH and ionic strength[60]. Collagen gel offers a limited range
of elastic moduli (<1 kPa), even with the use of cross-linker such as glutaraldehyde or
diphenylphosphoryl azide. In terms of providing mechanical support for cells, it was
used often as a 3-D structure which allows cells to be cultured inside[61]. However, in
the research of tissue mechanosesning, collagen gel may not provide an ideal range of
substrate stiffnesses. Collagen gel can be utilized with the incorporation of many other
proteins, such as fibronectin, chondroitin sulfate etc. Reported studies have demonstrated
the use of collagen gel being popular in the reconstruction of blood vessel[62], liver[63],
skin tissues[64]. [65]
Gelatin is the derivative of collagen by denaturing the triple-helix structure of collagen
into single-strand structure. Gelatin can form gels simply by the lowering the tempera-
ture of its solution below around 33 ◦C. Gelatin retains integrin binding motif like the
Arg-Gly-Asp (RGD) sequence, thus promoting cell spreading and adhesion. Gelatin can
be chemically processed using cross-linker to increase its thermal stability, mechanical
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strength and porosity (Figure 4.4 [66–68]).
Figure 4.4: (Left) Formation of Gtn-HPA (gelatin-hydroxyphenylpropionic acid) hydrogels
by enzyme-catalyzed oxidation for a) 3D and b) 2D cell growth/differentiation. (Right) (A)
SEM images of lyophilized methacrylated gelatin (GelMA) hydrogel with/without vary-
ing photoinitiator concentration (B) Quantification of GelMA pore size as a function of
initiator concentration.
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4.3 Strategies in Hydrogel Platforms with Stiffness
Control for Kidney Podocyte
The substantial demand of hydrogel platform for cell culture are listed as below:
(1) Biocompatibility and free of toxic molecules released in the process.
(2) Tunable stiffness in a biomimetic range for kidney tissue.
(3) No concern of suboptimal ECM coating on large culturing surface.
(4) Simple processes that optimize quality control with little stiffness variance.
As mentioned in chapter , podocytes in subcultures exhibit relatively low functional
biomarker expression [21], and it is therefore necessary to culture a large number of
podocytes to order to make marker assays feasible. And the keys to successful for the
study of kidney podocytes relies on the ability to create large, homogenous culture areas
to increase the cell number as well as satisfactory stiffness control. Previosuly mentioned
Polyacrylamide gels were made from copolymerization of acrylamide monomer. In addi-
tion, PAA gels require Sulfo-SANPAH to serve as an ECM linker and UV exposure as a key
step to activate Sulfo-SANPAH. Any steps within this long procedure, if not well operated,
will potentially lead to suboptimal ECM coating. Sulfo-SANPAH, if not reacted with PAA
gel, remains toxic to any cell culture. Poly(dimethyl siloxane) elastomers, which are also
commonly used for culture on soft substrates, also require additional ECM coating[54,
69]. Although it is easier to coat PDMS with ECM than PAA gel, the most disadvantage
of PDMS remains that PDMS cannot be prepared with a young’s moduli below 5 kPa,
larger than the 2.5 kPa modulus of renal glomerular tissue
Natural materials are usually a good alternative to PAA and PDMS. As collagen gel
has a limited range of young’s moduli to mimic stiff viscoelastic tissue, gelatin may have
been ideal to meet the demand. Gelatin hydrogel platforms with variable stiffness have
been reported previously[70](chapter 4.2.2.1). These platforms have reported the pro-
cedures using multiple steps (e.g. methacrylate modification and photopolymerization)
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on pristine gelatin during fabrication[67, 68]. Compared with these gelatin-based sys-
tems, gelatin-mTG requires only straightforward mixing of gelatin and a natural enzyme
microbial transglutaminase (mTG) solutions. This simple process increases fabrication
efficiency and helps to limit gel to the variability (e.g. stiffness). The gelatin-mTG system
was previously shown to result in thermally stable scaffolds and has been used for mi-
crofabricated devices as well as for the study of mechanosensing in endothelial cells[71–
73].
The gelatin-mTG system has several advantages over more commonly used synthetic
materials with stiffness tunability such as polyacrylamide (PAA) gels and polydimethyl-
siloxane (PDMS) elastomers. Additional and related advantages of the gelatin-mTG sys-
tem include that it is inexpensive to prepare, toxin free, and it does not require coating
with ECM proteins. mTG-crosslinked gelatin contains RGD tripeptides, allowing for cell
adhesion even without ECM coating[74, 75]. Moreover, whereas crosslinkers and unpoly-
merized acrylamide are toxic to cells, gelatin crosslinked by mTG produces only ammonia
as a by-product, which is straightforward to remove. [58, 59].
This gelatin-mTG system provides tunable stiffness in a biomimetic range suitable for
a wide range of tissues 5. In this dissertation, the following study highlights the promise
of the gelatin-mTG platform as a novel in vitro system with tunable stiffness over a range
relevant for recapitulating the mechanical properties of soft tissues, suggesting its poten-
tial impact on a wide range of research in tissue engineering and cellular biophysics.
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Chapter 5
A Crosslinked Gelatin Platform Induces a Differentiated
Podocyte Phenotype through Stiffness Sensing
Kidney podocytes are differentiated visceral epithelial cells in the renal corpuscle that
perform a critical filtration function in urine formation. In vivo healthy podocytes reside
on a matrix layer of glomerular basement membrane (GBM) with interdigitating projec-
tions connected by a nanoporous protein network (the slit diaphragm) that acts as a filter.
In glomerular diseases, alterations in GBM composition and physical structure character-
ize glomerulosclerosis and effacement of podocyte foot processes[14, 15, 76–80]. These
findings suggest that the physical properties of the glomerular basement membrane are
important for podocytes to maintain a differentiated phenotype in situ, and its mechani-
cal changes may result in progressive renal dysfunction. However, it has not been shown
whether and how differentiated podocytes respond to changes inmatrix stiffness. Here, in
analogy to the behavior of stem cells, I hypothesized that sensing of basement membrane
stiffness could be a driver of biochemical specialization for podocytes, and that optimal
phenotypic response may occur at glomerular physiological stiffness. As podocytes fail to
express the maturation (differentiation) phenotype when cultured on standard substrates,
I cultured them on substrates with a range of stiffness overlapping those of tissues includ-
ing the GBM, and analyzed the effect of substrate stiffness on podocyte phenotype and
differentiation markers as shown in Figure 5.1(a). In order to test the above hypothe-
sis, I employed a biomaterial-based hydrogel culturing system that allows tuning stiff-
ness independent of chemical composition. This system utilizes pharmaceutical grade
gelatin (hydrolyzed collagen) crosslinked by a natural microbial transglutaminase (mTG)
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enzyme, which forms covalent isopeptide bonds between lysine and glutamine residues.
These bonds create a meshwork architecture that prevents gelatin from melting and al-
lows for standard cell culture at 37 ◦C (Figure 5.1(b), 5.1(c)) shows that varying the mTG
reactivity from 0.6 U to 30 U increases the Young’s modulus of gelatin from 0.6 kPa to
13 kPA, providing a range of stiffness both below and above that of the glomerulus ( 2.5
kPa)[58]. I also note that this range is ideal to mimic soft tissue stiffness found from brain
to liver.
Figure 5.1: (a) Schematic human podocyte study using stiffness adjustable gels to inspect
podocyte phenotype. The cross-section of a kidney and its main functional unit, i.e. the
glomerular capsule are shown (top). The tissue structure inside the glomerular capsule is
framed to highlight the location of the glomerular filtration barrier, for which podocytes
are essential. The filtration barrier is enlarged to demonstrate the fine details of podocytes,
glomerular basement membrane, and capillary endothelial cells. Podocytes (in brown)
interdigitate with neighboring podocytes to form the slit diaphragm. The glomerular
basement membrane provides mechanical support for podocytes. Capillary endothelial
cells (in red) are separated from podocytes by the basement membrane. Mutations in
glomerular basement membrane components and physical structure are found in many
nephropathies, which are correlated with changes in glomerular tissue stiffness. By us-
ing a gel system with tunable stiffness, podocyte response to stiffness sensing can be
analyzed. Podocyte phenotype is expected to vary with different gel stiffnesses. (b) Illus-
tration of transglutamination reaction used for gelatin crosslinking (bottom). Microbial
transglutaminase initiates the formation of covalent isopeptide bonds between lysine and
glutamine residues of the gelatin molecule (top). (c) Young’s moduli of gelatin-mTG gels
crosslinked by 4 enzyme reactivities (0.6U, 1U, 3U and 30U) measured by oscillatory rhe-
ology. At right, a scale demonstrating tissue stiffness of various human organs and soft
tissues is shown.
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Figure 5.2: Illustration of solidified gelatin gels with 4 different dosages of enzyme after
5h curing at 37 ◦C. The photo was taken right after the gels were taken out from the
incubator. From left to right, these gels have enzyme dosage of 0.6 U, 1 U, 3 U, and 30
U. Due to intensive cross-linking, the opacity of the gel with 30 U was noticeable when
compared with other gels.
5.1 Stiffness Sensing Modulates Podocyte
Cytoskeleton Assembly, Migration and
Proliferation
I first tested whether gel stiffness can regulate the morphology, spreading, migration, and
proliferation of podocytes. Figure 5.3(a) shows representative morphologies of podocytes
after 5 days of culture. Conditionally immortalized human podocytes were cultured on
gel-covered coverslips and bare coverslips as control. While gelatin-mTG gels can be used
without additional ECM coating, all coverslips were coated with collagen I (5µg/cm2) for
this portion of the study. Gradual changes of cellular morphological features were ob-
served by performing stack imaging on phalloidin to demonstrate podocytes’ cytoskele-
tal network (2-D slices and vertical profiles are shown in SI Figure 5.16).The spread area
was smallest for podocytes on the softest gel (0.6 kPa) and increased continuously with
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increasing gel stiffness (Figure 5.3(b)-i). The inability to spread on soft gels (<1 kPa) is
consistent with observations for other cell lines [57, 81, 82]but failure to spread on stiff
substrates is atypical. Podocyte polarization was also found to be modulated with sub-
strate stiffness (Figure 5.3(b)-ii). In contrast to spread area, however, while podocytes
on both the softest and stiffest substrates (i.e. 0.6 kPa and 13 kPa gels respectively) had
average aspect ratios close to 2, those on substrates of intermediate stiffness (2-5 kPa)
were more elongated (Avg. AR≥2.5). This non-monotonicity is consistent with a similar
finding for cardiomyocytes as a function of substrate stiffness[83]. On the stiffest gel (13
kPa), podocytes underwent isotropic spreading and the cytoskeletal organization became
similar to that of podocytes cultured on petri dish (control). Statistical analysis of the
aspect ratio (N>30) in Figure 5.3(b)-ii confirmed the trend seen in Figure 5.3(a). The grad-
ual appearance of stress fibers as gel stiffness increased from 0.6 kPa to control indicated
cytoskeletal remodeling induced by gel stiffness[84, 85].
Differentiated podocytes are characterized by a lower proliferation rate compared
with de-differentiated ones, i.e. the in vitro cultured podocytes [86]. Figure 5.3(c)-i shows
the results of the MTT assay that measures proliferation rate. Podocytes on the 0.6 kPa,
2 kPa and 5 kPa gels showed a substantially lower proliferation (11%, 30%, 37% of the
control value, respectively), while 13 kPa gel showed relatively high proliferation (78%
of the control value). As shown in Figure 5.3(c)-ii, softness-induced growth inhibition
coincided with modulation of motility. Motility was significantly reduced compared to
the control on the 0.6 kPa gel (0.24±0.04 µm/min), and enhanced on the 2 kPa (0.35 ±
0.06 µm/min) and 5 kPa gels (0.61 ± 0.08 µm/min). The motilities were not found to be
significantly different between the 13 kPa gel and control (0.48 ± 0.06 µm/min and 0.46
± 0.05 µm/min, respectively). In vitro podocyte motility is commonly assessed as a sur-
rogate for its structural integrity and physiological function; it is thought that podocytes
in vivo need to maintain a certain level of motile capacity balancing between high levels
of spreading and migration[87]. These results confirm that gel stiffness has a regulatory
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effect on podocyte migration.
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(a) Representative confocal microscopy images of phalloidin-stained podocytes highlight-
ing cytoskeletal structure. Gradual changes of podocyte morphology reveals gel stiffness
regulates podocyte spreading. Podocytes on the softest (0.6 kPa) gel were round and nar-
row. With increasing gel stiffness, podocytes were found to be more elongated with larger
spread areas on the 2 kPa and 5 kPa gels. On the 13 kPa gel, podocytes were isotropic,
yielding similar contours to those cultured on petri dishes (control).
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Figure 5.3 (previous page): (b) Statistical analysis (N>30) of podocytes morphological char-
acteristics. (i) Podocytes spread areas increased with increasing gel stiffness (0.6 kPa to 13
kPa): 1692± 137 µm2 (0.6 kPa), 2766± 283 µm2 (2 kPa), 5635± 408 µm2 (5 kPa), 7528±
490 µm2 (13 kPa). The latter was similar to the control (8030± 351 µm2). (ii) Aspect ratios
(AR) of podocytes on the softest (0.6 kPa) gel (AR=1.9 ± 0.1) were significantly smaller
than those on the stiffer gels (2 kPa: AR=2.6 ± 0.2; 5 kPa: AR=2.5 ± 0.1). However, the
AR of the gel with the highest stiffness (13 kPa: AR=2.2 ± 0.1), was similar to the softest
gel (0.6 kPa) and to that of the control (AR=2.0 ± 0.1) due to isotropic spreading. In all
cases significance is calculated relative to control.(c) Statistical results (N>30) on podocyte
proliferation and motility. (i) MTT assay showing podocyte proliferation rates as a per-
centage of control which increase with increasing gel stiffness: (11 ± 3)% for 0.6 kPa, (30
± 4)% for 2 kPa, (37 ± 5)% for 5 kPa, and (78 ± 6)% for 13 kPa. Statistically, the results of
0.6 kPa, 2 kPa and 5 kPa gels were significantly different from that of control. (ii) Motility
assays quantify the podocyte migratory speed on gels with varying stiffnesses. The mean
motile speed for podocytes was observed to increase with increasing stiffness: (0.24 ±
0.04) µm/min for 0.6 kPa, (0.35± 0.06) µm/min for 2 kPa gel, and (0.61± 0.08) µm/min
for 5 kPa gel. On the 13 kPa gel, the motility was 0.48± 0.06 µm/min, which was similar
to that of control (0.46 ± 0.05 µm/min). In all cases significance is calculated relative to
control.
5.1.1 MolecularQuantification Indicates Pro-differentiation
Phenotype on Gel with Near Physiological Stiffness
We next investigated the transcriptomic and proteomic effects of substrate stiffness, and
whether substrate stiffness similar to that of in vivo glomerular tissues would induce
biochemical specialization. To do so, I measured expression of six key mRNA markers by
RT-PCR. I selected these genes based on prior literature, as they are widely accepted to be
critical components of podocyte differentiation and function [6, 19, 88, 89]. The functions
of these individual genes have been summarized in a recent review [90]. Quantitative
bioassays of immortalized human podocytes were performed after 48 hours of culture on
gels of varying stiffness versus a standard culture dish (control), all coated with type I
collagen.
The expression levels of these six markers, relative to control, on all four gels are
shown in Figure 5.4. Compared to control cells, podocytes cultured on gelatin-mTG
substrates increased expression of major differentiation markers WT-1 (WT-1), Kirrel
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(neph1), NPHS1 (nephrin) and NPHS2 (podocin). The highest upregulation was found
on the 2 kPa and 5 kPa gels, while the 13 kPa gel showed minimal increase in mRNA
expression of these markers. CD2AP (CD2AP) and SYNPO (synaptopodin) did not show
significant changes with varied substrate stiffness.
Slit diaphragm proteins are critical for the maintenance of the filtration barrier[91].
Therefore I next examined expression of five specific proteins that are essential in form-
ing the kidney slit diaphragm. Protein expression levels for podocytes cultured on the
gelatin-mTG gels were quantified as normalized ratios to control using Western blots
(Figure 5.5(a)). Four of these (WT-1, nephrin, podocin and CD2AP) were found at higher
levels for cells cultured on the 2 kPa and 5 kPa gels. Podocytes on the 2 kPa gel had an
average increase of 2.0± 0.2 times the concentration of these four proteins relative to the
control group (p<0.05), while podocytes on the 5 kPa gel had 1.9 ± 0.2 times the aver-
aged concentrations. The 0.6 kPa and 13 kPa gels did not show significant increases in
concentration. Synaptopodin showed little change in expression on all substrates. Rep-
resentative western blot images are shown in Figure 5.5(b).
I examined the t-statistics, as shown in Figure 5.5(b), to determine the persistent de-
viation of each gel from the control as determined by all western blot assays combined,
with the assumption of normality. That western blot ratios of any marker were averaged
to 1 was used as a null hypothesis. Average t-statistics for the 0.6 kPa and 13 kPa gels
were 0.8 and 1.5, respectively, while the average t-statistics scores for the 2 kPa and 5
kPa gels were 4.5 and 4.0, respectively. Both scores indicate significant difference from
the control (N>3, two tails). Thus, measurement of protein expression confirms that the 2
kPa and 5 kPa gels are most effective in upregulation of proteins that are key in podocyte
differentiation and function. This optimal range is in agreement with the in vivo stiffness
of the glomerulus.
86
Figure 5.4: Results of real time reverse transcription polymerase chain reaction (qRT-PCR)
analysis of mRNA expression. Six genes associated with human kidney podocyte differ-
entiation were selected to test the phenotype, namely: WT-1, Kirrel, SYNPO, NPHS1,
NPHS2 and CD2AP. Pixel colors in the heat map represent the ratios of differential ex-
pression versus control. Four of the six genes showed upregulation (to different degrees)
on gels of different stiffnesses. Averaged relative values to control of these four genes
were 3.2, 7.5, 6.6, and 1.7 on the gels of 0.6 kPa, 2 kPa, 5 kPa and 13 kPa, respectively.
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Figure 5.5: (a) Representative images of western blots for 5 protein markers. (d) Kidney
podocyte protein markers were measured byWestern blots. All markers were normalized
by α-tubulin, and normalized again over control blot intensities. Highest upregulation of
WT-1 was found on the 2 kPa gel (2.2 ± 0.3). The upregulation decreased as the gel
became either softer [0.6 kPa (1.7 ± 0.4)] or stiffer [5 kPa (1.5 ± 0.1) and 13 kPa (1.1 ±
0.2)]. Nephrin, podocin, and CD2AP showed similar trends. Results of synaptopodin did
not show a trend across different gels, and statistically these results are not significantly
different from the control (p=ns for all gels). T-statistics showed a statistically significant
changes of the ratios of five protein markers after normalized by those of control (Two-
tail, α=0.05, alternative hypothesis: µ ̸= 1). The averaged t-statistics were 4.5 for the 2
kPa gel and 4.0 for the 5 kPa gel, which were statistically significantly different relative
to the control. Those for the 0.6 kPa and 13 kPa gels were only 0.8 and 1.5.
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Figure 5.6: Representative raw images of western blots for Figure 4. The protein sam-
ples were extracted from podocytes cultured on the gels of 0.6 kPa, 2 kPa, 5 kPa and 13
kPa, respectively. The raw images verified a pro-differentiation effect elicited by gels of
intermediate stiffness on podocytes.
5.1.2 Extent of Mechanosensation is Extracellular Matrix
Independent
I next examined whether the specific extracellular matrix protein coating of the gels, con-
tributed to the mechanosensing effects by measuring protein expression on gels with dif-
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ferent coatings. The 2 kPa gel, which showed the highest t-statistics above, was used for
this study. Collagen IV (1µg/cm2), fibronectin (1µg/cm2), and laminin (1µg/cm2) were
used. Additionally, collagen I coating was also repeated, but with density reduced from
5µg/cm2 to 1µg/cm2. As shown in Figure 5.7(a), reducing the density of the collagen
I coating did not change the phenotype, with similar upregulation for WT-1, nephrin,
podocin, and CD2AP. On average, their concentrations are 1.8 ± 0.2 times those of
podocytes cultured on petri dish, while synaptopodin was not found significantly dif-
ferent. Moreover, this phenotype was tested by changing the ECM components on the 2
kPa gel and control. On gels coated with collagen IV Figure 5.7(b), I found that podocytes
had 2.1± 0.2 times on average the concentrations ofWT-1, nephrin, podocin, and CD2AP
relative to control. Similarly, fibronectin (Figure 5.7(c)) coating resulted in 2.1± 0.3 times
the averaged concentrations. Laminin coating (Figure 5.7(d)) yielded a ratio of 1.8 ± 0.2.
Synaptopodin expression was not found to be significantly different from control for any
coating. In sum, these findings show that modulation of phenotype with substrate rigidity
was not due to a specific ECM coating density or component.
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Figure 5.7: ECM coatingwith (a) collagen I of reduced density from 5µg/cm2 to 1µg/cm2.
Upregulation for five protein markers are 2.7± 0.3, 1.8± 0.1, 1.7± 0.2, 1.3± 0.1 and 0.7±
0.1 respectively. (b) collagen IV (1µg/cm2). Relative expression levels of WT-1, Nephrin,
Podocin, CD2AP and Synaptopodin by Western blots were 3.7 ± 0.4, 1.9 ± 0.1, 1.5 ± 0.1,
1.7 ± 0.1, 0.8 ± 0.1 respectively. (c) fibronectin (1µg/cm2). Relative expression levels of
WT-1, Nephrin, Podocin, CD2AP and Synaptopodin were 3.3 ± 0.4, 2.0 ± 0.1, 1.5 ± 0.1,
1.7± 0.1, 1.1± 0.1 respectively. (d) laminin (1µg/cm2). Relative expression levels of WT-
1, Nephrin, Podocin, CD2AP and Synaptopodin were 1.8 ± 0.2, 2.4 ± 0.4, 1.4 ± 0.1, 1.8
± 0.2 and 1.1 ± 0.2 respectively. In all cases, statistical significance indicated changes of
the ratios of five protein markers after normalized by those of control (Two-tail, α=0.05,
alternative hypothesis: µ ̸= 1).
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Figure 5.8: Representative raw images for Figure 5. The samples of protein marker WT-1
were extracted from podocytes cultured on the gels of 2 kPa and petri dish, respectively.
The raw images verified a pro-differentiation effect elicited by gels of intermediate stiff-
ness on podocytes in spite of an altered extracellular matrix coating.
Figure 5.9: Representative raw images for Figure 5. The samples of proteinmarker nephrin
were extracted from podocytes cultured on the gels of 2 kPa and petri dish, respectively.
The raw images verified a pro-differentiation effect elicited by gels of intermediate stiff-
ness on podocytes in spite of an altered extracellular matrix coating.
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Figure 5.10: Representative raw images for Figure 5. The samples of protein marker
podocin were extracted from podocytes cultured on the gels of 2 kPa and petri dish,
respectively. The raw images verified a pro-differentiation effect elicited by gels of in-
termediate stiffness on podocytes in spite of an altered extracellular matrix coating.
Figure 5.11: Representative raw images for Figure 5. The samples of protein marker
CD2APwere extracted from podocytes cultured on the gels of 2 kPa and petri dish, respec-
tively. The raw images verified a pro-differentiation effect elicited by gels of intermediate
stiffness on podocytes in spite of an altered extracellular matrix coating.
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Figure 5.12: Representative raw images for Figure 5. The samples of proteinmarker synap-
topodinwere extracted frompodocytes cultured on the gels of 2 kPa and petri dish, respec-
tively. The raw images verified a pro-differentiation effect elicited by gels of intermediate
stiffness on podocytes in spite of an altered extracellular matrix coating.
5.1.3 Differentiation Signaling Pathways are Highly Enriched on
Gels that Approximate Physiological Stiffness
I next measured gene expression using bead microarrays to identify mechanisms at the
genetic level that may contribute to the observed phenotypic changes on the 2 kPa and 5
kPa gels. Using the top 250 differentially expressed genes from 2 kPa and 5 kPa gels Figure
5.13(a), I constructed a podocyte mechanosensing network using one intermediate within
the complete human interactome. The resultant network had 381 nodes and 2,362 edges
(Figure 5.19). The central node with the highest connectivity for the podocyte mechanore-
sponse was Src, which is known to play a critical role in integrin signaling and podocyte
cytoskeletal integrity [92]. Other highly connected nodes were EGFR, Shp2, SMAD2/3
and Erk1/2 [93–96], which have all been associated with different aspects of podocyte
biology. Besides Src, our enrichment analysis for the upstream kinases of interest, such
94
as Fyn, Lck shown in Figure 5.19, reflected increased association of podocyte-specific
protein-protein interactions with mechanosensing [97, 98]. Moreover, several signaling
pathways and upstream transcriptional regulators directly related to podocyte differen-
tiation and physiological functions were found enriched within this podocyte network.
One clear podocyte-associated signature, for example, was the upstream enrichment and
interconnectedness for the transcription factor WT-1 (Figure 5.13(b)), which is a master
regulator for podocyte differentiation[99]. WT-1 was also found to be highly upregulated
both at the transcript and proteomic levels on 2 kPa and 5 kPa gels. Most strikingly,
Figure 5.13(b) showed that the highest enriched term for the genes within this podocyte
mechanosensing network was “PodNet: protein-protein interactions in the podocyte” in
Wikipathways (r.2016). 109 of the 381 nodes within our network were overlapping with
the PodNet components, which was highly significant (adjusted p-value, 2.1e-18). The
top cluster within this overlap along with the other enriched processes are also shown in
the clustergram in Figure 5.13(b), including EGFR1 and Rac1/Pak1/p38/MMP pathways,
all of which mediate podocytes physiology [94, 100]. These results further corroborate
our findings that gel stiffness can regulate potocytes cytoskeletal organization, motility
and proliferation.
The enrichment of some of the signaling pathways may account for the upregulation
of podocyte-specific markers beside WT-1. For example, NCI-Nature (r.2016) database
(Figure 5.20(b)) showed that the highest enriched terms included Shp2, which associates
with and enhances nephrin phosphorylation and is necessary for foot processes spread-
ing[93]. Additionally, VEGFR1/2 mediated signaling was enriched, for which it has been
shown that differentiated podocytes express higher VEGFR2 mRNA levels than undif-
ferentiated podocytes, and the stimulation of this signaling pathway was proved to pro-
mote podocin upregulation and nephrin/podocin/CD2AP interaction[101, 102]. Based on
these bioinformatics results, I conclude that mechanosensing through sensation of sub-
strate stiffness affects a wide variety of signaling pathways that are intimately related to
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podocyte differentiation and function.
Figure 5.13: (a) Heatmap of the top 250 differentially expressed genes for podocytes cul-
tured on gels of different moduli as measured by microarray. (b) Network representa-
tion of transcription factors that are enriched from the protein-protein interaction net-
work shown above using the ChEA database. WT-1 was ranked within the top regula-
tors of podocyte mechanosensing as a highly interconnected upstream transcription fac-
tor. (c) The clustergram demarcates the cluster of genes in the podocyte mechanosens-
ing network that were most commonly linked to the enriched terms within Wikipath-
ways, which are sorted according to their z-scores. Enrichment analysis ranked the “Pod-
Net: protein-protein interactions in the podocyte” as the top associated process for the
podocyte mechanosensing network.
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Figure 5.14: (Left) The raw image of western blot assay of p-Src. (Right) The statistical
results of western blot of p-Src.
5.2 Discussion
As sclerosis or tissue softening often coexist with progressive symptoms in nephropathies
[59], it is important to understand whether kidney podoyctes respond to mechanical sig-
nals, and if so, to what extent the phenotype is modulated by changes in stiffness. Our
results confirm that substrate stiffness can induce dramatic changes in podocyte pheno-
type. Podocytes cultured on different gels showed large morphological changes (Figure
5.3(a), Figure 5.3(b)), with the greatest polarization on the 2 kPa and 5 kPa gels. There
was also a significant difference in podocyte motility and proliferation on gels of 2 kPa
and 5 kPa relative to stiffer substrates (Figure 5.3(c)). Together this indicates that gel stiff-
ness has regulatory effect on the phenotype of podocytes in the 2-5 kPa range, near the
physiological stiffness of the glomerular basement membrane.
Molecular assays on differentiation markers provided evidence that there is a pro-
differentiation phenotype when gel stiffness is between 2 kPa and 5 kPa. In Figure 5.4, 4
of 6 selected genes were found to be highly up-regulated. In particular, NPHS1 (Nephrin),
and NPHS2 (Podocin), showed the highest upregulations on 2 kPa and 5 kPa gels. As
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Nephrin and Podocin are essential proteins in forming mechanosensing complexes in
human podocytes [103], their gene expressions implies high responsiveness to stiffness
regulation. Gene expression of CD2AP and Synaptopodin were found not to be effectively
regulated by stiffnesses. This indicated their decoupling from mechanosensing signaling
pathways on the mRNA level.
Western blots tested the expression of 5 proteins specific to podocyte physiological
functions (Figure 5.5(a), 5.5(b)). For 4 of the 5 markers, t-statistics showed statistically
significant increase for the 2kPa and 5 kPa gels and no statistically significant increase
for either the 0.6 kPa or 13 kPa gels. Since the composition of the extracellular matrix is
often a key contributor to cellular behaviors (e.g. spreading, motility etc) [104], this trend
was examined for different concentrations of collagen I (Figure 5.7(a)) as well as coatings
of three other common ECM proteins [16, 105], and differences persisted independent
of coating type (Figure 5.7(b), 5.7(c), 5.7(d)). As collagen I, collagen IV, fibronectin and
laminin all bind the integrin I receptor [106], the mechanosensing signaling pathway was
present and activated in podocytes regardless of gel stiffness. No biochemical cue from
specific ECM was found to be capable of altering or overwhelming the mechanosensing
effect.
We used bead-based microarray expression profiling to verify which signaling pro-
teins and pathways could be associated with the changes in substrate stiffness. Podocyte
mechanoresponse genes were observed to be highly interconnected, and they converged
on several signaling pathways that were centered around Src. Most importantly, I found
that transcription factorWT-1, which directly regulates podocyte differentiation, was one
of the most regulated genes by stiffness changes (Figure 5.13(a)). In addition, there are
other signaling pathways found which can account for the observed changes in the dif-
ferentiated phenotype. Shown in the enrichment analysis outlined in Figure 5.20, these
pathways include leptin signaling pathway, which was accounted for the reversibility of
WT-1 in a mouse nephropathy model[107]; BDNF which was shown to repair podocyte
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damage and restore the expression of nephrin [108]; EPO signaling pathway that has a
renoprotective effect against loss of nephrin [109].
The gelatin-mTG gel system with tunable stiffness functioned as an ideal tool to de-
termine the relationship between GBM stiffness and podocyte biology. Our findings also
help us to better understand pathogenesis of kidney disease. For example, thickening of
GBM is an early sign seen in diabetic nephropathy, prior to podocyte injury [110, 111].
I suggest that changes of GBM stiffness due to such thickening could be a contributing
factor for podocyte injury in diabetic nephropathy and that this model gelatin system
may be a useful one for investigating and testing drugs for kidney disease. Given that the
podocytes cultured on gels with stiffness near that of healthy GBM had better preserved
podocyte differentiation markers, our study also provides guidance for building better in
vitro culture systems for podocytes, which has been a long-standing challenge [112].
5.3 Conclusion
In this study, we used the natural enzymemicrobial transglutaminase to cross-link gelatin
and construct a stiffness adjustable cell culture platform. It was found that substrate stiff-
ness regulated podocyte spreading, migration and growth. A pro-differentiation pheno-
type was found for podocytes cultured on substrates of intermediate stiffness (2-5 kPa),
close to in vivo renal glomerular tissues, whereas both softer and stiffer substrates of
identical biochemical composition (e.g. the 0.6 kPa and 13 kPa gels) did not induce this
phenotype. This pro-differentiation phenotype is characterized by high upregulation of
gene and protein expression critical for kidney podocyte differentiation and physiologi-
cal function. This phenotype was found to be independent of ECM density or particular
components. Several key signaling pathways that promote podocyte differentiation and
physiological function were found to be significantly enhanced on the gels of intermedi-
ate stiffness, implicating mechanosensing as a key regulator of podocyte function. The
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gelatin-mTG platform, with variable stiffness over a range consistent with that seen for
many soft tissues in vitro, may have important impact not only on nephrology research
but also for studies of, for example, liver cells and neurons.
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5.5 Appendix B: Experimental Methods
5.5.1 Preparation of transglutaminase cross-linked gel with
varying stiffness
The gelatin stock solution was prepared at a fixed concentration of 10%w/v. Gelatin (Type
A from porcine skin, 300 bloom, Sigma) powder was heated and solubilized in 1x DPBS
at 50 ◦C. The solution was transferred to a humidified chamber at 37 ◦C and held there
for at least 30 min until the solution cooled to 37 ◦C. 0.006 g, 0.01 g, 0.03 g and 0.3 g of
mTG (Activa-TI, Ajinomoto Inc., activity of 100U per gram of mTG, per gram of protein
according to the manufacturer) was dissolved in 1x DPBS at 37 ◦C to give 0.6 U, 1 U, 3
U, and 30 U reactivity, respectively. To prepare each hydrogel sample, a 7 mL gelatin
and a 3 mL mTG solution were well mixed, and the final solution was incubated at 37
◦C for 5 h for cross-linking. Next, gelatin-mTG gel was transferred to an oven at 55 ◦C
for 30 min to deactivate the enzyme. Gels were then soaked in 10 mL of 1x DPBS for
24 h at 37 ◦C. This gave the target elastic moduli of 0.6 kPa, 2 kPa, 5 kPa and 13 kPa as
measured by rheology. In this study of human podocytemechanotransduction, I used four
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different ECM coatings: collagen I (CB-40235 CorningTM ) coating was primarily used,
while other ECM coatings such as collagen IV (CB-40245 CorningTM ), fibronectin (CB-
40008A CorningTM ), and laminin (CB-40232 CorningTM ) were utilized to verify cellular
responses.
5.5.2 Rheology of Gelatin-mTG Gels
The characterization of gel mechanical properties was performed on an Anton Paar MCR
302 WESP rheometer with a built-in temperature and gap calibration. A metal parallel
plate geometry (Anton Paar PP25, 25 mm in diameter) was utilized in oscillation mode.
A strain sweep measurement was first conducted with strain amplitude γ = 0.1% - 100%
and fixed frequency f = 1 Hz to determine the linear regime of γ. The frequency (f) was
then swept from 0.1-10 Hz (5 data points per decade) at γ = 1%. The gelatin gels were
prepared in 60 mm x 15 mm petri dishes and mounted on the peltier element (Anton
Paar, P-PTD200/GL) with double-side tape to avoid slippage. All gels were kept in an
incubator at 37 ◦C for 1 day and were quickly transferred to the rheometer to prevent gel
cooling. All rheology measurements were performed at 37 ◦C. The gap size for each gel
was determined as the gap at which a force of 0.5 N was measured. Due to the variation
in the enzyme activity and gel thickness, the gap size varied between 0.54-1.86 mm. All
measurements were repeated six times with the exception of the strain sweep, which was




G′2 +G′′2, E = 2G(1 + ν) (5.1)
G is the shear modulus, which in complex form is expressed as G = G′ + iG′′. G′ is
the shear storage modulus and G′′ is the shear loss modulus. ν is the Poisson ratio and
E is the Young’s modulus. Here, a Poisson ratio of 0.5 was used as indicated by another
study [113].
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Figure 5.15 shows the strain sweep of gelatin gels for determining the linear regime
of strain amplitude.
Figure 5.15: A strain sweep measurement was performed with strain amplitude γ = 0.1% -
100% and fixed frequency f = 1 Hz to determine the linear regime of γ. The shear storage
moduli G’ and shear loss moduli G” of gels with different enzyme reactivity (0.6U, 1U, 3U,
30U) were shown in the plot.
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5.5.3 Cell Staining
Gel thickness for stained samples was kept below 0.6 mm (e.g. 300 µl gel mixture in
a 35 mm petri dish) to avoid optical scattering by the gel. Cells were fixed with 4%
paraformaldehyde in PBS for 20 min at room temperature. Fixed cells were permeabilized
with 0.6% Triton X-100 in PBS for 10 min at room temperature. Next, cells were gently
washed and blocked in 4% bovine serum albumin and incubated overnight with the se-
lected antibody at 4 ◦C.Then the cells were washed and incubated with anti-rabbit (Alexa
Fluor 488, Cell Signaling, Cat: 4412S) or anti-mouse (Alexa Fluor 547, Cell Signaling, Cat:
4410S) secondary antibodies. To define cellular boundaries and nuclei, phalloidin (Alexa
Fluor 558, Invitrogen, Cat: A12380) and Hoechst 33342 (Invitrogen, Cat: H3570) were
applied for 15 and 20 minutes, respectively. A Zeiss LSM700 laser scanning microscope
equipped with software platform ZEN Lite 2011 was used to acquire images under iden-
tical conditions (gain, pinhole, digital offset). Stack imaging of phalloidin was performed
to acquire serial images spaced 0.33 µm apart. At least 30 images were taken for each cell
sample to cover the full cellular profile.
Figure 5.16 depicts 3D stack profiles of fluorescent-labelled podocytes on gels with
varying stiffnesses. Figure 5.17 shows immunofluorescent images of nephrin and podocin
of podocytes on gels with varying stiffnesses.
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Figure 5.16: Representative images of podocytes cultured on 0.6 kPa, 2 kPa, 5 kPa, 13 kPa
gels and control. Phalloidin staining revealed gradual changes of podocyte cytoskeletal
organization with gel stiffness. The vertical cross sections of podocytes on the 0.6 kPa gel
showed the podocytes created a slight indentation in this gel.
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Figure 5.17: Representative immunofluorescent images of (a) nephrin and (b) podocin for
podocytes cultured on 0.6 kPa, 2 kPa, 5 kPa, 13 kPa gels and control. No localization of
the two proteins within the cells was found as podocyte morphology underwent gradual
changes.
5.5.4 Motility Assay and Morphological Analysis
Thin layers (1mm) of gelatin gels were made to cover the culturing surface of 60 mm x 15
mm petri dishes. Cells were plated on gels with different stiffness and cultured at 37 ◦C
in a humidified incubator containing 5% CO2 for 3 days. Phase contrast live cell images
were taken in a Live Cell Imaging Incubation System (MCOK-5 M; Sanyo Co., Ltd., Japan)
every 10 minutes for 48 h and analyzed using ImageJ. From these images, 25 serial images
separated by 100 min were selected. Averaged displacement of each cell was measured
by comparing the locations of the cell shape centroid at each time point. Cell motilities
were then derived by dividing the averaged displacement by the elapsed time, and these
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are expressed in µm/min. Cell morphologies were represented by averaged cell contour
in these 25 images. Spread areas were calculated based on the contour of the cell, while
the aspect ratio was based on a fitted ellipse representing the ratio of the long axis to the
short axis.
5.5.5 Cell Proliferation and Viability Assay
Cells were plated into a 96-well plate (500 to 800 cells per well) in full growth media. Prior
to cell plating, gelatin gel was cross-linked inside of the wells to cover the bottom area.
Cells were cultured for 5 days before performing an MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) assay. 20mL ofMTTwas added to eachwell containing
100 mL podocyte culturing media. Luminescent signals from the MTT assay (CellTiter
96 a⃝AQueous, Promega Corporation, USA) were read after 4 h. The cell proliferation and
viability was calculated by normalizing each luminescent reading from wells with cells
on gels over wells without cells on gels. The normalized data were then normalized again
over control. Assays were run in triplicate. Sampled picture of experiments is shown in
Figure 5.18
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Figure 5.18: MTT experiments were performed for podocyte culturing on different gels.
The color gradient indicates the proliferation activity. The 0.6 U gels on the left rendered
more transparent color in MTT which implies lower proliferation than stiffer gels (1U,
3U, 30U) to the right.
5.5.6 Collection of Cell Lysates and Western Blot Analysis
Cells were collected simultaneously and lysed in RIPA buffer containing 50 mM Tris-HCl
(pH=7.4), 150 mM NaCl, 0.1% SDS, 0.6% sodium deoxycholate, 1 mM sodium orthovana-
date, and 1% Nonidet P-40. Halt protease and phosphatase inhibitor cocktail were added
at a 1:50 volume ratio (Thermo Fisher Scientific Cat: 78443) into the protein lysate. Af-
ter Bradford assay, the lysate was added with SDS-Sample buffer 4X (Boston BioProd-
ucts Cat: BP-110R) at a 1:3 volume ratio and boiled at 95 ◦C for 5 minutes. 50 - 80
µg of total proteins were electrophorectically blotted onto nitrocellulose paper. Blots
were incubated with specific primary antibodies against Nephrin (Novus Biologicals, Cat:
NBP1-30130), WT-1 (Novus Biologicals, Cat: NB120-15249), Podocin (Sigma-Aldrich, Cat:
P0372), CD2AP (Cell Signaling, Cat: 2135), Synaptopodin (Progen, Cat: 55294), and alpha-
tubulin (Sigma-Aldrich, Cat: T5158) at 4 ◦C overnight. Then, blots were incubated with
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horseradish peroxidase-conjugated secondary antibodies (Thermo Fisher Scientific, Cat:
31430, Cat: 31450) at room temperature. Immunocomplexes were visualized subsequently
by fluorography using chemiluminescence detection reagent (Thermo Fisher Scientific,
Cat: 1859701, Cat: 1859598).
The protocols of western blot analysis:
Collect cells into 50ml tubes, filled with culturing media. Centrifuge at 1000rpm for
5mins. Take out the supernatant and dilute the pellet again. Transfer the liquid into 1.5ml
tubes. Centrifuge again at 1000rpm for 5min.
1. Lyse cells by RIPA cocktail. Operated on Ice. 0.5ml per 5M cells. 75µml recom-
mended for small samples. 2. Rotate sample tubes for 15min at 4◦C 3. Spin at above
Maximum speed for 5min at centrifuge at 4◦C 4. Gently transfer tubes from centrifuge to
ice. Transferring supernatant or keeping the pellet depends on targets.
(Bradford Assay) 800µml water and 200µml Bradford with 2µml sample solution. In
this way, final protein concentrations X is solved by referring to Standard Bradford Curve.
(Absorbance setting: basic mode, absorbance, 595nm)
5. Put certain amount of 6X into each sample tube. (SDS-sample Buffer 1:3 the cell
lysate) 6. Sonication treating several cycles until pellet destroyed. 7. Boil each cell lysate
at 95 ◦C for 5min. Store at -20 ◦C. 8. Prepare the gel and fill the gel mix to the benckmark.
9. Even the top by adding 200µml water saturated butanol. And wait around 30min to
let gel cure. 10. The fill the rest of the space slot-gel solution and insert the comb. 30
min to cure. 11. Remove the comb and then we can start loading proteins. 12. Load
equal amounts of protein into the wells of the gel prepared. 50-100µg of total protein
from cell lysate. For 15 comb slots, 40µl max load per slot. For 10 comb slots, 80µl max
load per slot. 13. The first column should be protein ladder. The last one should be the
dye to prevent the strayed migration of proteins. 14. Run the gel for 30 min at 100V and
the 60 min at 150V until dye band goes to the bottom. 15. Prepare the transfer stack of
gel and membrane. The membrane should face the positive electrode. Gel should face
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the negative electrode. 16. Run the transferring at 90mins, 350 mA current at constant.
Stirred with ice bucket inside. 17. Use 5% blocking buffer to block the membrane for 1h
at RT or overnight at 4◦C. On rocker. 18. Incubate membrane with primary antibody in
5% or 2% milk solution overnight at 4◦C or 2h at RT. On rocker. 19. Wash with TBST 3
times, 5 minutes each. On rocker. 20. Incubate membrane with secondary antibody in
5% milk solution at RT for 1h. On rocker. 21. Wash with TBST 3 times, 5 minutes each.
On rocker. 22. Cover the membrane in transparent plastic wrap. 23. Load films for a few
seconds and develop.
5.5.7 Microarray Experimental Design and Gene List Retrieval
I characterized the effects of substrate stiffness on the differential gene expression signa-
tures of podocytes usingmicroarray-based network analysis as previously described[114].
The microarray experiment was performed on an Illumina beadarray platform with Hu-
man HT-12 v4 (BD-103-0204). Podocytes were cultured on tissue culture dishes for 48
hours on all conditions (0.6 kPa, 2 kPa, 5 kPa, 13 kPa, control) and total RNA was ex-
tracted using RNeasy kit per manufacturer’s instructions. The raw fluorescence data with
background noise removed were analyzed on Matlab using the bioinformatics toolbox.
During these processes, the intensity values were quantile normalized and pairwise com-
pared with the control and the false discovery rate (FDR) was adjusted by the Benjamini
and Hochberg’s method. I selected the top 250 genes with consistent changes among
triplicate samples relative to control. Using the differentially expressed gene lists from 2
kPa and 5 kPa groups, a “stiffness-mediated podocyte differentiation network” was con-
structed with the X2K suite and the complete human protein-protein interactome with
intermediate genes among the seed nodes[115]. Further enrichment analyses were car-
ried out using the EnrichR suite[116] with ChEA, Reactome, andWikipathways databases
(r.2016). Figure 5.19 provides the enrichment analyses on the podocytes mechanosens-
ing network. Figure 5.20 was used to depict the results of the gene analysis of podocytes
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phenotypes.
Figure 5.19: As the milieu with highest podocyte differentiation, differentially expressed
genes from the 2 kPa and 5 kPa gels (red nodes) versus control were used to construct
a protein-protein interaction network by any intermediate (green nodes) between dif-
ferentially expressed genes. The size of a node within this “podocyte mechanosensing
network” represents the connectivity of that node.
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Figure 5.20: Top ranking enrichment terms according to (A) kinase enrichment analysis,
(B) NCI Nature pathways, and (C) Wikipathways. The enriched term list for Wikipath-
ways is the partial replot of the clustergram y-axis from Figure 5.13(b), where only the
overlap of top-20 genes were displayed without the total overlap counts. All analyses
herein were carried out with the EnrichR suite using the components of the protein-
protein interaction network, I name podocyte mechanosensing network. The enriched
components are all ranked according to the absolute values of z-scores. Next to each
component, the number of genes that overlap vs. the total number of genes are shown.
111
Table 5.1: Full information associated with the network representation of transcription
factors enriched from the protein-protein interaction network using the ChEA database
shown in 5.13(b) in the main text.












All experiments were repeated at least three times; for normally distributed data, means
were obtained from three or more independent measurements. The data were presented
as mean ± standard error of the mean. T-statistic, as the ratio of the departure of a pa-
rameter from a hypothesized value over its standard error, was used in hypothesis testing
to indicate statistical significance of normalized parameters. Statistical differences be-
tween two group of cells were determined using unpaired two-sample t-test or one-way
ANOVA followed by a post hoc Tukey test, where appropriate. A single asterisk indicates
statistical significance with p < 0.05 and a double asterisk indicates p < 0.01.
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